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ABSTRACT
The task of sample preparation encompasses many challenges and
demands for analytical techniques. Appropriate preparative steps can be the
determining factor between successful measurements and failures. Too little
preparation can lead to the inability to detect analytes due to low concentrations,
insufficient extraction of analytes, and/or strong matrix effects; exhaustive
preparation steps increases analysis times, the potential for analyte losses, and
the difficulty to obtain consistent reproducible results. Discussed here are several
examples of analytical techniques where sample preparation is critical and can
be used to improve existing techniques. Capillary-channeled polymer (C-CP)
fibers used for solid phase extraction (SPE) protein analysis techniques is
described first. The C-CP fibers have several advantageous attributes stemming
from the unique shape, wide chemical and pH stability ranges, predictable
surface interactions, and overall low material costs. The fibers have been
employed in micropipette tip and microcolumn SPE formats for the desalting of
proteins from high salt content buffer, synthetic urine and synthetic saliva
matrices. Micropipette tips were prepared and used for an off-line method prior to
UV-VIS detection, and a microcolumn format was developed as an on-line SPE
technique for ESI-MS detection. The characterization of isoflavones present in
soy, kudzu, and red clover products by liquid chromatography-particle beam
electron ionization mass spectrometry (LC-PB/EIMS) is also described. Here,
NIST Standard Reference Materials (SRMs) were extracted using 80% methanol
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without a hydrolysis step. Samples were then analyzed using a chromatographic
separation and analytes quantified by an internal standard (IS) method using 7hydroxy-4-chromone as the IS compound. The particle beam allows for simple
interfacing between LC separations and EIMS detection, giving ability to attain
qualitative and quantitative information simultaneously. Isoflavones were
quantified and compared to NIST certified values.
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CHAPTER ONE
INTRODUCTION

1.1 Sample Preparation
Sample preparation is a vital and non-trivial aspect of chemical analyses
that is often taken for granted. Over the past few decades, advancements in
analytical techniques and instrumentation have increased focus towards
decreased solvent and sample volumes, lower waste production, automation,
miniaturization, faster analysis times, and lower overall costs, 1 in turn
emphasizing the importance of sample preparation research. An overall analysis
procedure typically consists of several steps including collection, pretreatment,
analyte isolation, identification, quantitation, and data processing. All steps
completed prior to identification, or detection, of the target compounds are part of
the pretreatment and preparation steps which can be time-consuming (up to 60%
of the overall analysis time) and labor-intensive. The main purpose of sample
preparation is to assist in the detection of specific target species by increasing
the selectivity and sensitivity of those chemical species.
Sample preparation steps include physical and chemical operations for the
extraction of analytes from either solid or liquid matrices, altering matrix
composition to be more amendable to analysis, or isolation, enrichment, and/or
derivatization of target analytes.2 There are often challenges in optimizing
sample preparation due to analyte degradation, sample loss, and the introduction
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of measurement biases. Ideally, sample pretreatment requirements would be
eliminated altogether, but in most instances this is not feasible. Improvements in
the selectivity of separation techniques and the sensitivity of quantitative
instrumentation determinations still have not removed the need for preparative
steps, and despite the efforts over the last few decades, sample preparation
protocols remain tedious and often involve numerous manual manipulations.
Developing and choosing appropriate sample preparation techniques can
be a complex task, and requires fundamental knowledge of equilibrium
conditions and the mass transfer kinetics of the extraction system. There are
many techniques currently available for the extraction of analytes from both liquid
and solid samples, many of which have been developed and/or improved upon in
the past 20 years. Some examples are liquid-liquid extraction (LLE), solvent
microextraction, dispersive liquid-liquid microextraction, solid-phase extraction
(SPE), solid-phase micro-extraction (SPME), and stir-bar-sorptive extraction.
There are also pressurized fluid extractions (PFE) with hot-solvent extraction,
matrix-solid phase dispersion, microwave assisted extraction, and supercritical
fluid extraction (SFE).2, 3 The rapid increased use of automated techniques has
also inspired new formats of sample preparation such as SPE in pipette tips and
well plates. Other mechanical procedures are often applied to increase extraction
efficiencies or decrease extraction times such as crushing, grinding, blending,
sonicating, agitating, and heating.

2

This dissertation will discuss several examples of analytical techniques
where sample preparation is critical and can be used to improve analytical
measurements. It is important to know when and where sample manipulation is
appropriate and how to develop and choose the proper approach(es) to improve
analytical measurements in terms of both qualitative and quantitative
performance. The first example will focus on the field of proteomics with the
specific aim of implementing capillary-channel polymer (C-CP) fibers as solid
phase extraction (SPE) media for sample preparation prior to mass spectrometric
analysis.

The second half will discuss the analysis of botanical materials,

focusing on the importance of extraction procedures and method choices on
resulting quantitative measurements. A liquid chromatography-particle beam
electron ionization mass spectrometric (LC-PB/EIMS) technique is employed for
the characterization of isoflavones in soy, red clover, and kudzu standard
reference materials.

1.2 Sample Preparation for the Analysis of Proteins
One area of research that requires extensive sample pretreatment steps
revolves around the analysis of biomolecules. The human genome codes for
over 20,000 proteins, and proteomics is the study of these protein structures and
functions in order to gain insight and understanding of specific biological
pathways and diseases.4 These analytes of interest are found, often in low
concentrations, in highly complex matrices of nucleic acids, lipids, and other
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cellular materials.5 Common biological matrices, or biofluids, include serum,
plasma, urine, and saliva.6 Other common matrices encountered in protein
studies come from the isolation, purification, and storage procedures, containing
detergents and buffer solutions employed in order to maintain chemical integrity. 7
While the term proteomics encompasses the large-scale analysis of proteins, it is
often used to generally describe purification and mass spectrometric detection
techniques.
1.2.1 Mass Spectrometric Techniques for Proteomics
Two popular ionization techniques for the mass spectrometric (MS)
analysis of biomolecules are electrospray ionization (ESI) and matrix-assisted
laser desorption/ionization (MALDI).8-11 Due to the ionization mechanisms
involved, both techniques require essentially salt free samples for analysis. For
the purpose of the studies described in this dissertation, the details of ESI-MS
will be the main focus.
ESI-MS was developed in the late 1980’s, for which John Bennett Fenn
received the 2002 Nobel Prize in Chemistry, and is now one of the most
important analysis techniques for the study of large biomolecules (>100,000
Da).12-14 ESI is extremely valuable in the analyses of biomolecules as it allows
for large, non-volatile molecules to be ionized under atmospheric pressures
directly from a liquid phase, and thus it can be easily coupled to liquid flow
techniques, like liquid chromatography (LC). It quickly gained popularity as early
studies on peptide analysis and sequencing reported that ESI provided a more
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rapid, sensitive, and accurate technique than previous approaches. 15 However,
even with the growth and widespread use of ESI-MS, there are still major
drawbacks and limitations to the technique involving background, interferences,
signal suppression, and inability to handle complex mixtures.12, 15
The overall mechanism of ion formation in ESI begins with a liquid flow
through a capillary that has a high voltage (positive or negative 2-5 kV) applied.
This applied voltage creates what is known as a Taylor cone at the end of the
capillary. The charges formed in the cone will eventually reach the Rayleigh limit,
where the charges on the surface of the droplet overcome the surface tension of
the solution, and charged solvent droplets are released from the capillary tip.
This phenomenon repeats itself as the droplets begin to desolvate, creating
smaller and smaller analyte containing charged droplets. Eventually the surface
charge of the droplets is transferred to the analytes, creating vapor phase ions
which are then analyzed within the mass spectrometer. A graphic representation
of this process is seen in Fig. 1.1.

Figure 1.1: Cartoon depiction of ion formation by electrospray ionization
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Fragmentation is minimal due to the low energy ions created by the ‘soft’
ionization source.14 ESI produces multiply charged ions, allowing for the analysis
of molecules with masses greater than the range of some common mass
analyzers (i.e. quadrupole).7 Biomolecules, like proteins, tend to produce a m/z
charge distribution that can be readily interpreted and used for molecular weight
(MW) determinations. For example, an unknown single protein solution is
analyzed via ESI-MS and produces a charge distribution at m/z = 1194, 1302,
1432, 1591, and 1790. Using Eq. 1.1 and 1.2, the charge value (n) of each m/z
can be determined and thus the protein MW and identity. The calculated MW of
this protein is 14.3 kDa, and is identified as lysozyme.
n (for m2) = (m1 – 1.0079)/(m2-m1)

Eq. 1.1

MW = (m2 – 1.0079) * n

Eq. 1.2

Unfortunately, the ESI ionization mechanism is prone to ion suppression,
especially in the case of biomolecules, due to the high concentrations of
contaminates often found in sample solutions.

Common buffers used for

biological samples contain ionic species including sulfate, phosphates, chlorides,
sodium, potassium, and ammonia.7,16 These compounds are easily ionizable and
often exist in higher concentrations than the analytes of interest, creating adduct
species or completely suppressing analyte signal. For example, the chemical
components of PBS have been shown to create adduct species [M+nH+mNa] (n)+,
[M+nH+mK](n)+ , and [M+nH+mK+mNa](n)+.17 The spectral complexity generated
makes it difficult or impossible to obtain molecular weight determinations. 7,
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Sample preparation steps are necessary to remove the interfering compounds
and allow for complete analyte ionization and increased signal intensity and MS
accuracy.15, 19, 20
1.2.2 Solid Phase Extraction
SPE has found a place in the proteomics field and has become a
benchmark approach for the extraction and desalting of proteins prior to analysis.
Often in protein studies, the analytes are found in small volumes (<100 µL) of low
concentration (sub micromolar). SPE formats such as pipette tips allow for the
quantitative transfer of micro-liter volumes of sample/solvent.
Solid phase extraction (SPE) was initially developed to overcome some of
the major drawbacks to liquid-liquid extraction (LLE). Even with the popularity of
LLE as a sample preparation technique, it suffers from labor-intensive steps and
the consumption of large volumes of organic solvents. 1, 2 SPE, introduced in the
1970s, utilizes a solid sorbent material for the adsorption of analyte compounds
from either liquid or gaseous matrices and the exclusion of interfering matrix
compounds.21 The result is a sample preparation approach that combines
analyte concentration, sample clean-up, and solvent exchange steps into one
technique.22 This in turn lowers solvent consumption, decreases extraction times,
and allows for automation. The overall process of SPE, as seen in Fig. 1.2,
involves adsorbing analyte compounds onto a solid sorbent material, washing
away weakly retained and interfering compounds, and eluting target analytes into
a solvent suitable for subsequent analysis.
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Figure 1.2: Depiction of overall SPE process

Initially, SPE materials followed closely with sorbent phases in high
performance liquid chromatography (HPLC), where carbon, porous polymer
resins, and bonded-silica phases were predominantly used. The first SPE
products were considered “accumulation columns” and simply used to remove
trace organics from aqueous samples.1 Research then moved towards
developing sorbent materials to provide a pre-concentration technique and
quantitative information.23 It was soon determined that the activated carbon
suffered in terms of recovery compared to the polymeric resins, due to
irreversible binding.23 Bonded-silica phases began to dominate the LC and SPE
field.24 Like the previous phases, the sorbent material was generally formed into
beads and packed into cartridges, columns, and disk formats. Other support
structures began to emerge, such as monoliths. The architecture of the monoliths
provides improved permeability and enhanced mass transfer over the bead
formats, and can be packed into the same cartridges, columns, and disk
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formats.25-28 The silica based products were able to provide better recovery and
quickly gained popularity, but have specific disadvantages and limited working
ranges (e.g. irreversible binding and pH range) stemming from the presence of
silanol groups and silica solubility. Polymer materials were then investigated for
their use in SPE approaches, because of the resistance to pH extremes, in the
form of polymer beads,29 polymer-based monoliths,30 and textiles/fibers.31, 32 The
robust polymer material provides an SPE format that is both the sorbent phase
and the structural support, and can offer better recoveries than the previous
materials. To increase the range of analytes that could be extracted by the newly
developed SPE formats, a wide range of polymer-type sorbents were employed
to achieve both hydrophilic and hydrophobic interactions.
As new sorbent materials and formats become available, it is essential to
understand the mechanisms and driving forces of the extraction process that
make these techniques successful.3 The basic mechanism of extraction involves
the partitioning of a compound between the sample matrix and the extraction
phase, where the analyte has a greater affinity for the extraction phase. 21,

22

In

the case of SPE, where the extraction phase is a solid and the analyte is
dissolved into a liquid solvent, the distribution coefficient, KD, can be explained by
KD = Se/Cs

Eq. 1.3

where Se is the concentration of analyte on the surface of the solid extraction
phase, and Cs is concentration of analyte in the sample solution phase. A result
of KD > 1 would indicate the analyte has a stronger interaction with (affinity for)
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the sorbent material.33 The Se term must inherently reflect the surface area
available for adsorption, displacement effects and the non-linear isotherm, while
also taking into account analyte characteristics; molecular weight, size and
structure, polarity and nature of competitive matrix effects.
The retention of proteins on sorbent materials often differs greatly when
compared to that of small molecules.33 Conformational changes and variability of
protein chemistry/functionality affect the nature of bio-macromolecules at the
interface of the liquid sample solution and the sorbent phase surface. There are
three major properties used to describe the adsorption of proteins. 1) Protein
characteristics - conformational changes, location and nature of binding sites,
overall

charge

characteristics

distribution,
-

and

heterogeneity,

isoelectric
topography,

point.

2)

Sorbent

hydrophobicity,

surface
chemical

composition, and electrical potential. 3) Interface/Solvent characteristics composition, pH, ionic strength, temperature, and flow characteristics.34 A solid
understanding the interacting forces will dictate appropriate sorbent phase and
solvent choices, as well as allow for more precise user-control in regards to the
adsorption of desired analytes and the exclusion of undesirable compounds, an
ultimately lead towards more effective sample preparation methods.

1.3 Capillary-Channeled Polymer (C-CP) Fibers
Since their implementation in the 1970s, polymeric resins quickly gained
popularity due to their resistance to pH extremes, available surface modifications,
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and increased range of applications. There was a major drawback hindering the
growth of polymer resin in SPE applications though - the requirement of laborious
cleaning schemes due to fouling of the sorbent phase surface.35-37 Recently, this
has been overcome with the use of polymer fibers which can serve as both the
sorbent phase and the support material.
Capillary-channeled polymer (C-CP) fibers were first used as the
stationary phase in chromatographic separations in 2003 by Marcus et al. 38,

39

The polymer-based material is melted and extruded through a spinneret, known
as a melt-spun process, forming a unique geometry with eight channels running
collinearly down the entire length of the fiber. The fibers have a nominal diameter
of 35-50 µm with the channel diameters ranging from 5 to 20 µm. When a bundle
of fibers are packed together, the channels interdigitate to form small open
capillaries which induce spontaneous wicking. The C-CP fibers provide efficient
fluid flow and increased surface area over round fibers of the same nominal
diameter.38 They can be extruded from a variety of polymer bases (polypropylene
(PP), polyethylene terephthalate (PET), and nylon) depending on the desired
surface interactions including hydrophobic, anionic, cationic, and π-π. The
surfaces were envisioned to provide efficient analyte interaction for use in
reversed-phase and ion-exchange type separations and have been studied for
the separation of a variety of molecules including proteins, polymers, inorganic
compounds, and amino acids.38-43 Derivatization of the polymer surfaces has
also been employed to achieve a greater variety of separation modes and
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increased selectivity.44,

45

Columns are constructed by pulling a predetermined

number of fibers collinearly through either standard HPLC stainless steel
columns or microbore polymer tubing.18, 46

Figure 1.3: SEM images of C-CP fibers packed into microbore column (left) and single fiber in
resin (right)

In the research discussed here, the C-CP fibers are pulled through FEP
tubing and then cut into smaller segments for use on pipette tips. This format has
recently proven to be a successful approach for the extraction of proteins from
phosphate buffered saline (PBS) solution, tris-buffered solution, and synthetic
biological matrices (e.g. urine and saliva) for analysis by ESI-MS and MALDI-MS
techniques.18, 47, 48 Chapters 2 and 3 discuss in greater detail the application of
PP C-CP fibers for protein SPE applications, employing a micropipette tip format
for UV-VIS absorbance detection and an in-line microcolumn format prior to ESIMS analysis. Target proteins cytochrome c, lysozyme, myoglobin, hemoglobin,
and glucose oxidase are used for the C-CP SPE method.
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1.4 Sample Preparation for the Analysis of Botanical Materials
Nutritional science has influenced the public towards considering more
natural approaches for improving health and the prevention and treatment of
diseases, making nutraceuticals and functional foods a popular and growing
industry. The term nutraceutical, coined in 1989 by Dr. Stephen Felice, is a
combination of the words “nutrition” and “pharmaceutical” and is used to describe
a food or food product that is believed to provide health benefits and protect from
chronic diseases.49 Examples include: folic acid taken during pregnancy to
reduce the risk of birth defects, glucosamine sulphate taken to reduce joint
degeneration, and omega-3 fatty acids taken to improve heart health. While
nutraceutical foods are not under the same rules and regulations as drugs, the
Food and Drug Administration (FDA) works with the American Nutraceutical
Association (ANA) to provide education, manufacturer and product standards,
and other consumer protection functions.50, 51
For many people, the use of nutraceuticals has become a part of their
daily routine; preferred over pharmaceuticals due mainly to a held belief that
desired therapeutic outcomes can be obtained with reduced side effects. In fact,
the popularity of nutraceuticals has turned this industry into a $86 billion per year
business in the U.S. alone. These products include nutrients, dietary
supplements, herbal products, and processed foods. With ever higher levels of
use, there is increased concern for consumer safety. In 1994, the U.S. Congress
passed the Dietary Supplement Health and Education Act (DSHEA) following
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public debate concerning the importance of dietary supplements in promoting
health, the need for consumers to have access to current and accurate
information about supplements, and controversy over the FDA’s regulatory
approach to this product category. The purpose was to define the term “dietary
supplement” and to provide new regulations for the manufacturing, labeling, and
marketing of dietary supplements. DSHEA defined that a dietary supplement:50-52


is a non-tobacco product intended to supplement the diet, by increasing
the total dietary intake, which carries or contains one or more dietary
ingredients such as vitamins, minerals, herbs/botanicals, and amino acids,
or is a concentrate, metabolite, constituent, extract, or combination of any
ingredient mentioned here.



must be labeled as a dietary supplement and not represented for use as a
conventional food or as a sole item of a meal or the diet.



is intended for ingestion in forms such as capsule, powder, softgel, gelcap,
tablet, and liquid.
DSHEA also authorized the FDA to ensure the quality of dietary

supplement products by enforcing manufacturers of dietary supplements to be in
compliance with good manufacturing practice (GMP) regulations. 50 Another
outcome of DSHEA was the establishment of the Office of Dietary Supplements
(ODS) within the National Institutes of Health (NIH), whose purpose was to
explore more fully the potential role of dietary supplements. Since its creation,
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the ODS and the scientific community as a whole has worked diligently to
characterize the active components present in dietary supplements and to
understand the nature of the chemical behaviors/effects in the human body.
An important aspect of these types of studies is the development and
choice of analytical methods for the extraction, separation, detection, and
quantitation of chemical components present in botanical products. It is important
to have the ability to accurately and precisely identify all of the active
compounds, adulterants, and contaminants present. Sample preparation for
these botanical materials determines the success of downstream analyses. In
order to accurately determine and quantitate a material’s active component
profile, it is essential to extract all analytes of interest and retain the original and
natural chemical forms. With a proper extraction procedure chosen, the
compounds of interest can then be subjected to separation and detection
methods.

1.5 Liquid Chromatography Particle Beam Mass Spectrometry
The development of analytical methods that provide accurate and precise
measurements for the separation, detection, and quantitation of active
compounds, as well as contaminants and potential adulterants in botanical
products and dietary supplements, is of great importance. It is also desired to
have one instrument capable of providing more than one type of chemical
information. Briefly described here is the use of a particle beam interface for the
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characterization of active components in botanical extracts using a LC separation
prior to UV-VIS absorbance and EI-MS detection. More detailed descriptions for
the optimization of extraction procedures, separation approaches, and detection
modes for the characterization of botanical products and dietary supplements,
and the method validation using NIST standard reference materials (SRMs), will
be given in Chapters 4 and 5.
1.5.1 Electron Ionization Mass Spectrometry
In the research described here, electron ionization (EI) is used for the
mass spectrometric detection of the target analytes. This ionization method was
first used for mass spectrometry in 1918 by Dempser.53 It was first referred to as
electron impact ionization and was utilized for organic species weighing less than
600 Da. When a metal (typically tungsten or rhenium) filament is resistively
heated under high vacuum conditions (~ 10-6 Torr), a pool of electrons is created.
By applying a voltage, the electrons are repelled towards the source block,
creating an electron “beam” with sufficient energy to cause excitation and
ionization (Fig. 1.4).
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Figure 1.4: Depiction of electron ionization process

When vapor phase analyte molecules then interact with the electron beam, an
electron is abstracted from the molecular or atomic orbital which produces singly
charged radical cations or molecular ions, represented by the mechanisms
M + e-  M* + e-

(excitation)

Eq. 1.4

M + e-  M+ + 2e-

(ionization)

Eq. 1.5

Fragmentation of the ion species will result when vibrational energies produced
exceed the individual bond energies. A standard EI voltage (70 eV) is used in
order to yield predictable fragmentation patterns and create comparison libraries.
The resulting ions then exit the source volume by potential differences of the lens
stack and enter the mass analyzer.
Liquid chromatography (LC) is a commonly used separation technique for
the analysis of botanical species and systems typically employ flow rates of ~0.12.0 mL min-1. EI-MS is not known for use with liquid flow systems because the
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source has high vacuum pressure requirements, and the solvent vapors would
cause spectral interferences and signal suppression.54 However, the combination
of these techniques would provide a truly advantageous system for LC/MS
analyses. EI sources are convenient to use for small molecules (<103 Da),
provide good sensitivities due to the high ion currents, and the resulting
fragmentation makes chemical identification possible. EI-MS is envisioned to
produce easily interpretable spectra for the characterization of the active
components in botanical products and dietary supplements and provide both
qualitative and quantitative information simultaneously.
1.5.2 Particle Beam Interface
A particle beam (PB) interface was developed in 1984 in an effort to turn
liquid flow samples into the gas phase for use with EI-MS techniques.55, 56 The
device allows for a wide range of LC solvent compositions and flow rates (0.2-2.0
mL min-1) to be coupled with low pressure (<10-4 Torr) ionization sources by
producing a “beam” of dry analyte particles.57 The PB interface has been used by
Marcus and co-workers for coupling a wide range of liquid sample applications to
both glow discharge and EI ionization sources with optimal emission (OES) and
MS detection.58-69
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Figure 1.5: Diagram of particle beam interface to EI-MS

The PB/MS system used in these studies is an Extrel (Pittsburgh, PA,
USA) Benchmark Thermabeam LC/MS quadrupole mass spectrometer with an
EI ionization source. The PB interface, depicted in Fig. 1.5, (Thermabeam, Extrel
Corp. Pittsburgh, PA, USA) consists of a thermoconcentric nebulizer, desolvation
chamber, and two-stage momentum separator. This design allows the liquid
eluent from a chromatographic system to be coupled to an EI-MS source. The
nebulizer, consisting of a heated stainless steel tube (1.6 mm o.d.) housing a 75
µm i.d. fused silica capillary, is heated by applying a dc potential and regulated
using a temperature controller. A sheath gas (He) flows around the silica capillary
to facilitate heat conduction and employ a pneumatic nebulization effect. The
result is a finely dispersed aerosol spray, produced as the LC flow passes
through the inner capillary. The aerosol spray then enters the desolvation
chamber, which is a 35 mm i.d. x 100 mm steel tube heated to 147 °C. The
desolvated spray then passes through the two-stage momentum separator, each
with 1 mm diameter orifices about 10 mm apart. The pressure is reduced beyond
each stage, causing low-mass solvent vapors to be sequentially removed and
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leaving a “beam” of dry analyte particle to enter the heated (~275 °C) EI source
block where they are vaporized and ionized.57, 70, 71 Voltages placed on the exit
lenses accelerate the ions into the mass analyzer for detection. The specific
instrument used will be described in greater detail in relevant chapters.
Chapters 4 and 5 detail the development of a method of analysis for the
characterization of isoflavones in certain botanical products, more specifically
soy, red clover, and kudzu, using a liquid chromatography particle beam electron
ionization mass spectrometer (LC-PB/EIMS). Isoflavones are a sub-class of
polyphenols heavily studied for their potential health benefits, and will be
discussed in greater detail in later chapters. In Chapter 4, a suite of five
isoflavones is characterized across proposed soy, red clover and kudzu SRM
materials, and in Chapter 5 the LC-PB/EIMS technique is compared directly with
the NIST method of analysis for the characterization of isoflavones in soy SRM
materials.

1.6 Summary
As outlined in this chapter, sample preparation often is the bottleneck of
analytical techniques. There are ongoing studies to improve existing techniques
or to develop completely new procedures. Described in the following chapters
are two specific analytical techniques with respective sample preparation
challenges. The first topic revolves around the use of capillary-channeled
polymer (C-CP) fibers as a sorbent material for protein sample SPE approaches.
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The second issue deals with the characterization of active components in
botanical matrices with use of the LC-PB/EIMS technique.
Chapter 2 has been accepted for publication by Analyst (DOI:
10.1039/c2an36126d) and describes the use of C-CP fibers as a sorbent material
in SPE micropipette tip formats for the desalting of proteins from buffer and
complex matrices. Chapter 3 continues the use of C-CP fibers for protein
analysis in an in-line microcolumn format prior to ESI-MS detection, and is
submitted to the Journal of The American Society for Mass Spectrometry
(JASMS). Chapter 4 will be submitted to the Association of Analytical
Communities and describes the characterization of isoflavones in soy, red clover,
and kudzu materials via the LC-PB/EIMS technique. Chapter 5 is being prepared
for submission to Analytical and Bioanalytical Chemistry, and is a direct method
comparison for the characterization of soy isoflavones comparing the LCPB/EIMS technique and NIST approve methods, and is co-authored with Dr.
Melissa Phillips from the National Institute of Standards and Technology.
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CHAPTER TWO
SOLID PHASE EXTRACTION OF PROTEINS FROM BUFFER SOLUTIONS
EMPLOYING CAPILLARY-CHANNELED POLYMER (C-CP) FIBERS AS THE
STATIONARY PHASE

2.1 Introduction
Sample preparation is a general term used to describe the alteration of a
sample in order to make it conducive for subsequent analyses.1-4 This
transformation may be executed through dissolution, extraction, concentration,
and/or purification. At present, solid phase extraction (SPE) is the most widely
applied approach to sample preparation of biological samples due to the complex
matrices in which they reside. SPE was initially envisioned as a complementary
technique to liquid-liquid extraction, but due to its numerous advantages it has
become a benchmark approach.

3, 5-8

SPE approaches are amenable to smaller

sample and solvent volumes, are simpler to perform, and provide great breadth
in the available extraction modes, ultimately integrating sample extraction,
concentration, and introduction into a single process.3, 5-8
SPE has roots in high performance liquid chromatography (HPLC) as it
often takes advantage of the same stationary phases that are employed in
reversed-phase, ion-exchange, and affinity chromatographies.3,

9-11

Target

sample species are adsorbed to the stationary phase due to a greater affinity for
that material than for the primary sample phase. The analyte is subsequently
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desorbed and transferred into a solvent more appropriate for further
manipulations or a specific analytical measurement. SPE has been applied to a
wide range of systems, including environmental, medicinal, forensics, soil and
water conservation, and food analysis.3, 8 The ability to choose from a range of
different sorbents and extraction solvents allows for considerable control and
flexibility when designing a specific pretreatment process.
Effective SPE sorbents are chosen based on a range of properties
including chemical versatility and stability, efficient surface contact for the
analyte, and high recoveries.1,

3, 4, 12

The elution solvent composition can be

adjusted based on the retention characteristics of the species and the
subsequent analytical methods employed.

Initial efforts in SPE employed

bonded silica- and activated carbon-derived sorbents in the form of packed
cartridges and columns.9, 13 Due to the limited pH working range (based on the
presence of silanol groups and silica solubility) and irreversible analyte
adsorption there has been a necessity for the development of other sorbent
types, especially in the field of proteomics.3,

12-16

Organic polymer stationary

phases can offer a greater range of chemical and pH stability, improved
adsorption/desorption kinetics, and an increased breadth of potential bed
formats.3, 7, 13, 15-19
Biological samples are a challenge for many instrumental analysis
techniques due to the complex buffered matrices commonly used to purify and
store samples. Virtually universal, regardless of the detection method, high salt
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content decreases signal intensities, increases limits of detection, and can even
make detection of the desired analytes impossible.

Therefore, matrix

modification (extraction and concentration) methods are required to render the
samples conducive for further investigations; SPE has proven to be a simple and
successful approach.3,

20-23

SPE of proteins has been employed, both as

standalone processing and prior to chromatographic separations, across different
detection techniques including UV-VIS absorbance, fluorescence, mass
spectrometry

(MS)

employing

various

ionization

methods,

and

gas

chromatography with flame-ionization detection (FID).12, 20, 24-30
This laboratory has developed capillary-channeled polymer (C-CP) fibers
as stationary phases for the chromatographic separation of proteins31-34 and is
currently investigating the use of these fibers as SPE sorbent material for
proteomic and trace metals applications.35-38

The fibers have interesting

characteristics that stem from their unique shape, consisting of eight parallel
channels that run the entire length of the fiber.

C-CP fibers provide larger

surface areas than circular cross section fibers of the same nominal diameter,
with the ability for close packing as the fibers interdigitate, providing for very
efficient fluid flow.

Diversity in the potential analyte-surface interactions is

achieved based on the polymer (i.e. polypropylene (PP), polyester (PET), and
nylon) used in the fiber extrusion process. While the fibers have low specific
surface areas when compared to porous silica phases, the increased chemical
stability, increased mass transfer efficiency, and lower material costs are all
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potential advantages.9,

31, 34, 39

Initial studies of the C-CP fibers in an SPE

micropipette tip format focused on their use in desalting of proteins in buffer
solutions prior to analysis by electrospray ionization mass spectrometry (ESIMS).35 Direct injection analysis of lysozyme in phosphate buffered saline (PBS)
and myoglobin in Tris buffer yielded a continuum of peaks in the ESI-MS spectra.
The same solutions were subjected to SPE on PP C-CP fibers by placing a fibercontaining tip on an Eppendorf pipette, and passing the test solution across the
fibers multiple times by manual aspiration. The respective proteins were eluted
in 50:50 H2O:ACN and the solutions introduced in the ESI source. Significant
improvement in the clarity and quality of the resulting ESI-MS spectra was
achieved as only signals associated with the proteins of interest were observed.
Subsequent studies have looked toward the use of the C-CP materials (films and
fibers) to desalt proteins samples prior to MALDI-MS analysis.37, 38
Presented here is a quantitative characterization of C-CP fibers for the
extraction of proteins from buffer and mock-biological matrices.

The

methodology here is not specific to any particular detection method, focusing on
the basic adsorption phenomena.

The recovery characteristics of PP C-CP

micropipette tips for the SPE extraction of several different proteins from a PBS
matrix are reported. The current method employs a centrifugation method to
induce fluid transport across the fiber surface rather than the previous manual
aspiration,35 that is common to many commercially-available SPE cartridge and
micropipette tip-type devices.6, 35, 40 Given the difficulties in obtaining quantitative
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data via ESI-MS, the sequential steps of the SPE method are assessed here via
UV-VIS absorbance spectrophotometry in order to determine the relative
efficiencies of the extraction process. The target proteins used were cytochrome
c, lysozyme, myoglobin, and glucose oxidase. Overall, the observed recoveries
for the protein samples in PBS matrix were very similar, averaging ~80 - 90%,
with tip loading capacities being on the order of 1.5 µg protein per 5 mg of fiber.
Protein extracted from synthetic urine and saliva matrices provided recoveries of
~90%. The overall precision was limited by the UV-VIS absorbance
measurement procedure, and not the extraction per se, as the RSDs found for
the spectrophotometer for neat protein solutions was ~ 8%. The C-CP fiber SPE
format offers a number of advantageous characteristics that make its use in the
proteomics and trace analysis fields very promising.

2.2 Experimental
2.2.1

Reagents and Chemicals
Four proteins were employed to characterize the recovery characteristics

of the C-CP fiber SPE tips: cytochrome c (12.3 kDa, bovine heart), lysozyme
(14.3 kDa, chicken egg white), myoglobin (16.9 kDa, horse) and glucose oxidase
(106 kDa, type VII, Aspergillus niger).

Sodium chloride (NaCl), sodium

phosphate dibasic (Na2HPO4), potassium phosphate monobasic (KH2PO4),
potassium phosphate dibasic (K2HPO4) and each of the proteins were obtained
from Sigma-Aldrich (St. Louis, MO). Potassium chloride (KCl) and magnesium
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chloride (MgCl2) were obtained through Fisher Chemicals (Pittsburgh, PA).
Carboxymethylcellulose sodium salt was obtained from Alfa Aesar (Heyshaw,
England), calcium chloride (CaCl2) from Mallinckrodt (Paris, KY), and urea from
Amresco (Solon, Ohio). Synthetic urine was purchased from Ricca Chemical
Company (Arlington, TX). ACS grade acetonitrile (ACN (Mallinckrodt Baker Inc.,
Phillipsburg, NJ) was used as the organic mobile phase eluent. All aqueous
based solutions and mobile phases were prepared using milliQwater (18.2
MΩ/cm) derived from a NANOpure Diamond Barnstead/Thermolyne Water
System (Dubuque, IA).
Protein stock solutions (1 mg mL-1) were prepared in milliQwater, stored at
2 oC, and then diluted to the desired concentrations in the different matrices for
analysis. Phosphate buffered saline (PBS; 140 mM NaCl, 10 mM Na2HPO4, 1.8
mM KH2PO4, and 2.7 mM KCl) was prepared in-house, as was the synthetic
saliva matrix (15.6 mM NaCl, 16.5 mM KCl, 1.01 mM CaCl2, 0.361 mM MgCl2,
2.07 mM K2HPO4, 16.3 mM urea, and 5.0 g/L carboxymethylcellulose sodium
salt).41 While there are certainly optimum elution conditions for different solutes,
the elution solvent was a 50:50 mixture of ACN and DI-H2O throughout this work,
a mixture common in ESI-MS analyses.
2.2.2

Fiber Tip Construction
Polypropylene fibers were extruded in the School of Materials Science of

Clemson University.42

To achieve a fiber arrangement that allows for efficient

fluid flow in sample loading and elution, a packing approach similar to that of the
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microbore C-CP fiber HPLC columns was employed.35,

43

The tip assembly

procedure includes a seven-rotation loop of the PP fibers (corresponding to a
total of 658 fibers, each ~30 μm in diameter and ~168 µm in perimeter) pulled
collinearly through approximately 300 mm lengths of 0.8 mm i.d. fluorinated
ethylene polypropylene (FEP) polymer tubing (Cole Parmer, Vernon Hills, IL),
resulting in an interstitial fraction εi ≈ 0.65.44

Figure 2.1 is a scanning electron

micrograph image of the cross section of a “dry” column showing the
interdigitation of the fibers upon packing. Anti-static surfactant, or spin coating,
applied to the fibers during the extrusion process must to be removed in order to
permit the desired hydrophobic analyte-surface interactions.

Figure 2.1: SEM image of a cross section of a PP C-CP fiber packed tip, illustrating the
interdigitation of the fiber channels upon packing.

The fibers (in the capillary column) were washed utilizing a Waters (Milford, MA,
USA) high-performance liquid chromatography system, with a 600s series
controller, 626 LC pump, and 996 photodiode array UV-VIS detector.

The

system was controlled through the Millennium EmPower 2 software. Successive
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wash solutions of 100% ACN, 100% hexane, 100% isopropyl alcohol, and finally
100% DI-H2O were pumped through the capillary column (1mL min -1). Each
solvent was flushed until a stable baseline absorbance signal was achieved for at
least 10 min. The capillary was then removed from the HPLC system in order to
construct the individual tips.
At one end of the capillary, the FEP tubing was carefully scored using a
surgical-grade scalpel and stripped to leave about 20 mm of free fiber to allow
the fibers to be pulled down the column, to create a 6 mm open space for
compression fitting to a 1 mL, low-retention pipette tip (Molecular BioProducts,
San Diego, CA). The other end of the capillary was cut so that there was a 10
mm length of fiber packed tubing, producing a ~16 mm-long tip. This procedure
was repeated for the entire length of the capillary yielding ~15 tips.

The

completed SPE tip format, shown in Fig. 2.2, contains 5.0 ±0.1 mg of the C-CP
fiber per 1 cm length. This new method of tip construction increases the number
of tips produced per unit length of fiber-packed FEP tubing over the previous
method.35 It also provides a highly effective conditioning method which reduces
the time required, and variability associated with, conditioning each tip
individually. Finally, once prepared, the tips have a near-infinite shelf life and no
requirement for continuous wetting based on the robustness of the polypropylene
fiber material and the multiple use of PP C-CP tips over a six month period.
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Figure 2.2: Set of completed PP C-CP fiber packed micropipette tips. Each tip contains 10 mm of
packed tubing, corresponding to ~5 mg of fiber.

2.2.3 Adaptation of Tips for Centrifugation
In previous C-CP SPE applications performed by this laboratory, liquid
flow through the SPE fiber tips was accomplished by aspiration. 35

Use of

centrifugation to induce the fluid movement along the fibers allows for multiple
samples to be run in parallel (limited only by the centrifuge capacity) and simple
collection of each fraction. In addition, more controlled and consistent fluid flow
velocities are attained by centrifugation. In order to use the C-CP fiber tips in this
manner, modifications to the caps of 15 mL centrifuge tubes (Nalge Nunc
International, Rochester, NY) were made to create an adapter (Fig. 2.3). A utility
knife was used to remove the center portion of the cap and the bottom tip of a 1.5
mL microcentrifuge tube (Fisher Scientific, Pittsburgh, PA), which was then
placed into the center of the cap. The C-CP fiber tips are inserted in the
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microcentrifuge tube and held in place as the outer wall diameter of the tip
approaches the inner diameter of the microcentrifuge tube.

Studies here

employed an accuSPINTM 1R analytical centrifuge (Fisher Scientific, Pittsburgh,
PA).

Figure 2.3: Adaptation of C-CP fiber tips to centrifuge format. A 15 mL centrifuge tube cap is cut
to accommodate a modified 1.5 mL microcentrifuge tube.

2.2.4 SPE Method
The C-CP fiber packed tips were prepared by flushing with 200 μL aliquot
of PBS (300xg for 5 min) to wet the surfaces. It is important to note that this is not
a sorbent surface activation step, as is often required with other silica- and
carbon-based materials. The polymer surface is inherently ‘activated’ and is not
damaged upon drying.

Proteins are known to adsorb to different polymer

surfaces,45, 46 such as the walls of centrifuge tubes, so the 1.5 mL low-retention
microcentrifuge tubes were placed inside the larger centrifuge tubes for sample
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collection to reduce the risk of analyte loss. Each solution volume (load, rinse,
and elute) was collected in individual tubes so that the protein content for each
fraction could be determined. All fractions were centrifuged at 300xg for 3
minutes to ensure that the entire aliquot had traversed through the SPE tip. In
practice, volumes of 100 μL and 1.0 mL require ~1 and ~5 min, respectively, to
fully elute from the tips. In the present method, the load step (first fraction) is 100
μL of protein-PBS solution, the rinse step (second fraction) is 200 μL of 100% DIH2O, and the elute step (third fraction) is 100 μL of 50:50 ACN:DI-H2O. Each of
the

fractions

were

analyzed

for

protein

concentration

by

UV-VIS

spectrophotometry. The total analysis time is <15 min using this procedure.
2.2.5

Protein Quantification
Protein quantification was performed using a Costar® 96 well UV plate

(Corning, NY) and a TECAN GENios well plate reader (Switzerland) with
Magellan software. UV-VIS absorbance data was processed using Microsoft
Excel (Seattle, WA). Stock solutions were prepared for each of the proteins in
PBS, DI-H2O and 50:50 ACN:DI-H2O, and then dilutions were made in order to
generate a range of concentrations up to 20 μg mL-1 used for quantification. An
80 µL sample volume was deposited in each of the well positions. Response
curves were prepared for each analyte in the specific elution solvents, as
presented in Table 2.1.
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Table 2.1: UV-VIS absorbance response characteristics for the test proteins in the primary (PBS) and
elution (50:50 ACN:H2O) solvents.

Protein
Cytochrome c

Myoglobin

Lysozyme

Glucose oxidase

Response
Function

R

LOD
(µg/mL)

LOD
(nM)

PBS

y= 0.0011x + 0.0252

0.9912

0.98

79

50:50 ACN:H2O

y= 0.0011x + 0.0269

0.9801

1.2

96

PBS

y= 0.0015x + 0.0231

0.9975

0.72
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50:50 ACN:H2O

y= 0.001x + 0.1710

0.9817

1.3

77

PBS

y= 0.0005x + 0.0499

0.9800

3.3

235

50:50 ACN:H2O

y= 0.0004x + 0.0527

0.9781

4.1

288

PBS

y= 0.0002x + 0.0489

0.9955

5.6

35

50:50 ACN:H2O

y= 0.0002x + 0.0553

0.9305

8.2

52

λ (nm)

Solvent

405

405

280

280

2

The limits of detection (LODs) for the protein concentrations, in both µg mL -1 and
nM, were calculated using the equation LOD = (3sb)/m, where sb is the standard
deviation of the blank signal and m is the slope of the calibration function. The
variability of the absorbance measurements were in the range of 0.5 – 8% RSD,
representing the greatest source of imprecision across the experimental method.
Unless otherwise noted, all quantitative data represent the results of triplicate
experiments.

2.3 Results and Discussion
2.3.1 Protein Quantification Throughout the C-CP Fiber SPE Method
During the course of the SPE process the protein from the test solution
has the potential to be located in each of the three fractions (primary load, H 2O
wash, and elution), or remain adsorbed on the fiber/tip surfaces. The C-CP tips
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extraction efficiency and reproducibility were determined by quantifying the
protein concentration in each fraction by UV-VIS absorbance. The amount of
protein observed in the first two fractions is considered flow-through (i.e.
unretained) and is used to calculate of the amount of protein adsorbed to the
fiber/tip surface. The amount of protein observed in the elution fraction is the final
recovery of the SPE process. In principle, the mass recoveries of the three
fractions should equal to the total mass of protein applied. Table 2.2 illustrates
the calculated recovery data over the complete SPE procedure for the test
protein lysozyme. A 100 µL aliquot of a 9.4 µg mL -1 (0.94 µg protein applied)
lysozyme/PBS solution was loaded onto three separate tips. Each fraction from
the SPE procedure was analyzed for protein concentration. The average mass of
lysozyme adsorbed to the polymer surface was 0.82 µg (87% adsorbed) and the
mass of protein recovered was 0.81 µg. In this case, the total recovery (mass
recovered/mass applied x 100%) is 86.2 %. The percentage recovery based on
the actual mass of protein adsorbed (mass recovered/mass adsorbed x 100%)
was 98.7% in this instance.

Very importantly, the percentage recovery of

adsorbed protein was greater than 95% across all of the studies presented in this
report.
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Table 2.2: Example of protein recovery data for the various steps of the C-CP SPE method;
lysozyme/PBS system.
Original Solution
Fraction 1, “Load”
Fraction 2, “Rinse”
Fraction 3, “Elute”

Determined Conc (μg/mL)
9 ±1
1.2 ±0.5
ND*
8 ±0.9

Mass adsorbed (µg)
% Total recovery (from applied mass)
% Recovery (from adsorbed mass)
*ND – not determinable

Protein mass (µg)
0.9 ±0.1
0.12 ±0.05
ND*
0.8 ±0.1

0.8 ±0.1
86 ±13
98 ±10

2.3.2 Recovery Dependence on Protein Identity
There are many different possible interactions that affect the adsorption
and desorption characteristics of proteins from the C-CP fiber surfaces,
potentially giving rise to a range of recovery characteristics and adsorption limits
for each. The relative hydrophobicity of each protein is a function of its amino
acid composition, its molecular weight, the tertiary structure, and degree of
ionization under a given set of solution conditions (e.g., pH). Protein-protein
interactions in the solution phase (as well as the surface) could also affect the
extent of adsorption.47 Once on the fiber surface, the solvent strength required
for elution will be related to the initial driving forces as well as the protein-surface
interactions, including the extent of protein denaturation (i.e., unfolding).
Denaturation increases the available surface area (ASA) of the proteins and thus
results in greater surface interactions, potentially to the point of irreversible
binding.48 While not ideal in terms of potential protein denaturation, a 50:50 DIH2O:ACN mixture was chosen here due to its frequent use as a delivery solvent

40

for ESI-MS detection methods. Certainly, there is likely solvent optimization that
could be performed on a protein- and detection technique-specific basis.
Figure 2.4 reflects the recovery characteristics for each of the test proteins
from PBS across the applied protein masses of 0.2 – 2.0 µg. This range of
masses was generated through combinations of different solution concentrations
and volumes. As can be clearly seen, the mass of each protein eluted from the
fibers increases in a monotonic fashion up to ~1.25 – 1.5 µg (applied) with ~90 %
total protein recovery for each case (Table 2.3), and then reaching a plateau.
Beyond these mass loadings, the amount of unretained protein (i.e., remaining in
the load solution) increases, with the actual retention being ~75% for each at the
2 µg-applied value. These data suggest the onset of surface saturation rather
than some sort “elution” efficiency limitation.
Table 2.3: Protein-specific recovery and coverage characteristics.

Protein

% Total Recovery
(prior to
saturation point)

Molar
Adsorption
Limit* (pmol)

Molecular
Dimensions
(Å)

Area
Coverage*
2
(cm )

Cytochrome c

88.1

121.7

34 x 34

8.6

Myoglobin

88.5

85.6

44 x 44

10.3

Lysozyme

91.5

87.4

33 x 31

6.6

Glucose Oxidase

90.9

9.1

66 x 21

8.0

*assuming 1.5 µg mass adsorption

Figure 2.4 also reflects greater variability in the obtained recovery values
beyond the saturation points. Based on the precision in the measured values in
the “load” and “elution” volumes, the variability occurs in the elution step, rather
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than in the adsorption process. This may be a reflection of potential denaturing
of proteins on the polypropylene surfaces during the time between loading and
elution. It is important to stress that the recovery of the adsorbed amounts of
protein remains above 95% in all cases.

In addition to the singular protein

determinations, also included in in Fig. 2.4 are the yields for experiments
performed with equimass mixtures of myoglobin and glucose oxidase. The mass
of protein recovered in these mixtures (Myo + GluOx) is in line with the individual
proteins, suggesting in this case that no particular competitive bias exists at
these levels of exposure. Also consistently, the total protein recoveries of these
mixtures ranged from 88.8 - 91.9 %.

Figure 2.4: Recovery characteristics for each of the test proteins from PBS across the applied
protein masses of 0.2 – 2.0 µg. Surface saturation occurs around 1.25 – 1.5 µg of protein, where
prior to this the average recoveries of 91.5, 88.1, 88.5, and 90.9% respectively for lysozyme,
cytochrome c, myoglobin, and glucose oxidase.

42

The appearance of surface saturation in the range of 1.25 – 1.5 µg, for all
of the proteins in the test suite, suggests attaining some sort of limiting situation,
e.g. monolayer coverage of protein on the fiber surfaces. Based on the 168 µm
perimeter of each PP C-CP fiber, a 10 mm length, and 658 fibers in the bundle,
each tip represents a total fiber surface area of ~ 11.0 cm 2.

(There is no

experimental evidence that any form of protein diffusion/intercollation into the
fibers occurs.) This amount of available surface area can be compared to what
might be expected in a space-filling footprint of the proteins.

Admittedly,

extrapolation of the likely size of an adsorbed protein on a hydrophobic surface
from crystallographic data is a tenuous proposition. That said, using a nominal
mass of 1.5 µg as the onset point of saturation, one can calculate the number of
molecules of each protein, and the respective surface areas occupied in each
case. Crystallographic values from a number of data bases were examined, and
nominal values chosen as presented in Table 2.3. The projected space-filling
equivalents for the respective proteins was calculated based on the equivalent
molar quantities and is also reported in Table 2.3. While there is no way at this
point to assess the actual sizes of the proteins on the fiber surfaces, the protein
surface areas calculated here suggest attainment of single-monolayer. Use of
higher protein concentrations or perhaps slower solution flow rates (lower
centrifugation speeds) might lead to further protein-protein interactions at the
surfaces. Such interactions would result in increased loading capacities, but at
the potential expense of perturbed elution characteristics or perhaps irreversible
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protein-protein interactions detrimental to further analytical measurements. For
example, the presence of dimeric species in an ESI mass spectrum might falsely
suggest their existence in the initial test solution, rather than formation on the
polymer surface.
One of the primary points of comparison of stationary phases employed in
preparative separations and SPE is the mass loading capacity. Typical capacity
values for porous media are 1- 10% of the bed weight

49, 50

, meaning 5 mg of

sorbent material could potentially retain 50 µg of analyte under the proper
conditions. The data presented here reflect much lower capacities of 1.5 µg per 5
mg of fiber; ~0.03% by mass. The differences here are a function of the much
lower porosity of the fiber material, which in practical terms is countered by much
more efficient mass transfer in these flow-through experiments, as demonstrated
in the ability to perform highly effective protein separations at linear velocities of
>50 mm s-1.44 In the field of proteomics, low binding capacities accentuate the
existence of an incredible range of protein concentrations (>6 orders of
magnitude) present in human serum for example. In such situations, low binding
capacities may preclude the ability to detect low-abundance proteins.

Many

separation systems, for this reason, employ pretreatments including so-called
depletion columns to selectively remove high abundance proteins. 51-53

The

same tip format could be employed in-series with C-CP fibers modified to capture
high abundance proteins using coupling chemistries such as those recently
described.54,

55

If required, greater overall capacity could be readily achieved
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with increased fiber material in tips of greater diameter or length while
maintaining excellent adsorption/desorption characteristics and low pressure
drops.
The inherent robustness of the PP C-CP fibers imparts a long shelf life,
and the fiber tips have not exhibited a requirement of continuous wetting and or
damage from being completely dried; a disadvantage of other sorbent materials.
The PP fibers do not degrade with exposure to organic solvent compositions
common to protein processing, varying pHs, or light. The high recoveries seen
here are due to the lack of fiber porosity as well the chemical inertness of
polypropylene.

Indeed, fiber tips can be reused as many as 30 times (the

maximum here) without compromising the recovery characteristics. Throughout
these studies, >95% of the mass of protein applied was adsorbed to the fiber
tips, so long as the mass applied was below the saturation limit. In addition, in
every case, the recoveries of bound protein were >95%.
Clearly, one of the other primary uses of SPE is the ability to preconcentrate; extracting target species from large (dilute) volumes, and eluting
them into smaller (concentrated) volumes.

In practice, the desired analytical

performance metric is that the amount of protein that adsorbs to the fiber surface
is

based

on

the

total

mass

of

analyte

applied

and

not

the

total

volume/concentration of solution applied. The pre-concentration capability of the
C-CP SPE tips was evaluated by applying solutions with different lysozyme
concentrations (1 – 10 µg/mL) in different volumes to keep the total mass of
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protein applied to the SPE tips constant at 1 µg (the volume range was limited by
the 1 mL capacity of the primary pipette tips). The average percentage total
recovery across the 10x volume differential was 93.8 ± 3.2%, with no significant
trends related to concentration/volume.

Taken a step further, the variability

across the total of 21 measurements was 6.6 %RSD, which is not statistically
different from the precision of the UV-VIS absorbance measurement process
itself for these concentration levels.
2.3.3 Protein Recovery from Complex Matrices
Sample clean-up is required in many protein determination applications
where the matrix is more complex than a buffered solution. Often times the
proteins of interest are collected from biological matrices, such as urine and
serum, and are in the presence of other compounds such as electrolytes, nucleic
acids, and carbohydrates. The recovery characteristics of the C-CP fiber tips
were investigated using protein-spiked synthetic urine and saliva matrices. Urine
possesses challenges due to the chemical complexity of the specimen, including
high levels of salts and small organic compounds, while saliva produces a
challenge based on its high viscosity. Separate calibration curves were made for
myoglobin in the synthetic urine and cytochrome c in the mock saliva to assess
the recovered “load” concentrations. The C-CP SPE tips were employed for
loads over a range of 1.0-1.75 µg total protein applied to the tip (encompassing
the assumed saturation points). The spiked synthetic urine required no extra
sample preparation prior to SPE extractions, while the synthetic saliva was
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diluted 50:50 with milliQwater due to the viscosity of the sample. In addition, a
lower fiber packing density (corresponding to εi ≈ 0.75) was also employed to
improve the test fluid transport. As seen in Table 2.4, the total recoveries of
protein from both of these environments remains in the range seen previously in
PBS, for myoglobin in synthetic urine and cytochrome c in synthetic saliva,
respectively. The saturation point of ~1.25 - 1.5 µg of protein on the fiber surface
also remains about the same. These results provide preliminary evidence of the
successful use of the C-CP fibers in SPE applications for protein determinations
in matrices of clinical relevance.
Table 2.4: Protein recovery from complex matrices.

Myoglobin in
synthetic
urine

Cytochrome
c in synthetic
saliva

Mass applied (µg)

1.0

1.25

1.5

1.75

Mass adsorbed (µg)

0.91 ± 0.25

1.19 ± 0.21

1.41 ± 0.13

1.51 ± 0.16

Mass recovered (µg)

0.87 ± 0.19

1.13 ± 0.28

1.37 ± 0.23

1.47 ± 0.21

% Total recovery

87.0 %

90.4 %

91.3 %

84.0 %

Mass adsorbed (µg)

ND

ND

ND

ND

Mass recovered (µg)

0.88 ± 0.16

1.11 ± 0.19

1.32 ± 0.22

1.44 ± 0.19

% Total recovery

88.0 %

88.8 %

88.0 %

82.3 %

*ND – not determinable due to high background absorbance of the saliva matrix at 405 nm.

2.3.4 Comparison to Commercially Available SPE Products
The success of SPE has led to many available products with a variety of
chemical phases (ODS, C8, phenyl, amine, polymeric, etc.) and formats (96-well
plate, tube, cartridge, disc, tip, etc.).15-17,

19, 56-59

In order to further assess the

performance of the C-CP fiber SPE tips, comparison to established SPE
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products was performed. Based on the literature, commercial SPE products tend
to yield recoveries of 70-98 % depending on the analyte and matrix composition.
For example, a recovery comparison was performed by Vallant et al. for the SPE
of the peptides insulin and bradykinin MW = 5808 and 1060 Da, respectively. 60 A
C60-amino silica sorbent provided recoveries of 72-97%, Sepak C18 79-92%, and
an Oasis HLB sorbent also had recoveries of 72-92%. A direct comparison of
extraction efficiency was conducted between Varian OMIX C18 tips (Agilent
Technologies, Santa Clara, CA) and the PP C-CP fiber tips using myoglobin/PBS
samples. The commercial tips were run according to the packaged instructions
and the C-CP fiber tips were run as described in the Experimental Section. The
test solution was 100 µL of 10 µg mL-1 myoglobin in PBS, equating to a total of 1
µg protein applied to each phase. For triplicate analyses, the total recovery for
the Varian tips was 55 ± 17%, and with the C-CP tips the value was 82 ± 10%.
Beyond the quantitative aspects, it is interesting to note the differences in the
methodologies. The commercial protocol entailed far more extensive sorbent
conditioning and sample manipulation steps, with the commercial tips processed
individually, with aspiration of the solution with a pipettor.

The total time to

complete the triplicate extractions was ~30 minutes. The C-CP fiber tips were
run in parallel, with a processing time of

<15 min; with larger numbers of

samples processes (based on the capacity of the centrifuge) with little added
time.
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Beyond recovery, the tips can be compared to commercial products with
regards to protein adsorption capacity. As mentioned previously, the rule of
thumb for SPE adsorption capacity is 1-5% of the sorbent weight, with many
commercial products reporting in the 1-10% range. Due to similar samplesorbent

interactions,

we

can

also

compare

adsorption

capacities

to

chromatographic materials. To and Lenhoff determined the protein adsorption
capacity of different hydrophobic (polymeric) SPE materials.61 Based on the data
presented here, the C-CP fiber tips accommodated ~1.4 mg m-2 of fiber surface
area, while To’s studies reported a range of 0.7-3.7 mg m-2. There has also been
extensive work on determining protein binding capacities in different solvent
environments and on different ion-exchange media by Staby et al.62-67 It was
reported that the numerous sorbent phases on average utilized 50-90% of the
total available capacity. The aforementioned results on adsorption capacities
supports that the C-CP fiber SPE process utilizes 90-100% of the surface area,
and therefore the total available binding. Overall, the capacity of the C-CP fiber
SPE tips is at least comparable to available products. In making the comparison
with highly porous inorganic materials, C-CP fibers definitely suffer in terms of
equilibrium binding capacities, but the non-porous nature of the fibers provides
better mass transfer characteristics (as seen in the HPLC applications).
Therefore, a method with higher overall throughput and yield, especially in the
case of macromolecules, is expected. Those studies are currently underway. In
truth, total binding capacity is seldom a limiting factor in protein SPE. If needed,
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the efficient fluid transport in the C-CP fiber tips would likely allow for largerformats to increase capacity.

2.4 Conclusions
The data presented here supports the applicability of polypropylene C-CP
fibers as sorbent material in SPE methods of relevance in proteomics, across a
range of detection methods. Proteins having a variety of molecular weights and
chemistries were evaluated to gain a sense of the general utility of the method.
Implementation of a centrifugation approach to sample manipulation has
increased the sample throughput, improved RSDs, and has allowed for greater
extraction efficiencies when compared to previous aspiration techniques.
Overall, binding capacities of 1.25 – 1.5 µg per 5 mg of fiber within a tip are
achieved, with the total recoveries to this point being of the order of 85 – 90 % for
each of the proteins. Recoveries from more complex matrices (myoglobin from
synthetic urine and cytochrome c in synthetic saliva) were not appreciably
different from the buffer solutions. The tips are found to perform very favorably in
comparison to commercial products for the isolation of myoglobin from a PBS
matrix.
Future work will move towards understanding the full range of potential for
the SPE C-CP fiber tips as well as looking further into aspects that are of
relevance in particular detection methods (e.g., fluorescence, ESI/MALDI-MS,
etc.).

The tip format could be envisioned for use with a number of fluidic
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manifolds (i.e. pipettes, centrifuge, vacuum) to suit specific needs, with the
overall advantages of low cost, high throughput, reusability, and long shelf life. A
major goal is construction of an in-line version of the tips (i.e., microcolumn) to
allow for a continuous-flow sample preparation method for introduction into ESIMS and other dynamic detection systems. Different protein-surface interactions
affect SPE characteristics based on the specific solute/surface/solvent
combinations. The work presented here with PP operates solely based on the
hydrophobic interactions. C-CP fibers extruded from other base polymers (e.g.,
PET and nylon-6) introduce the capacity to affect π-π and ionic interactions as a
means for sorption. Taken a step further, surface derivatization can be affected
to allow for separations of high specificity, such as antigen-antibody
interactions,68, 69 as have recently been demonstrated.54, 55
This material is based upon work supported by the National Science
Foundation Division of Chemistry under Grant No. 1011820 (co-funded by the
MPS/CHE, ENG/CBET, and EPSCoR).
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CHAPTER THREE

IN-LINE DESALTING OF PROTEINS FROM BUFFER SOLUTIONS PRIOR TO
ESI-MS ANALYSIS VIA A CAPILLARY-CHANNELED POLYMER FIBER
MICROCOLUMN

3.1 Introduction
The determination of protein, and other biomolecules, identity and
concentration is an area of great challenge because of their occurrence in
complex matrices and across incredibly wide concentration levels. Electrospray
ionization mass spectrometry (ESI-MS) is a powerful tool that has become
essential in the analysis of many biological molecules

1-6

. ESI-MS overcomes

many of the analysis problems within proteomics due to its basic ionization
process, efficiently creating multiply-charged gas phase ions with minimal
fragmentation.

As such, in combination with tandem mass spectrometry

approaches, it provides for both molecular weight and structural information to be
obtained simultaneously

1, 5-7

. ESI also boasts relatively low detection limits and

the ability to be interfaced to low volume flow rate chromatographic separations.
Even with these analytical capabilities, there are still limitations of ESI concerning
biologically-associated species; mostly with regards to the need for extensive
sample preparation.
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Generally, analytes of biological relevance such as proteins require
significant sample preparation prior to downstream analyses. The species of
interest must be extracted, purified and then possibly chemically modified, often
leaving the target species in the presence of detergents and/or physiological
buffers

1, 7

. As a general rule, it is essential to have the biomolecule in as close

as possible to its native conformation, thus the need for buffered environments.
Ultimately, the presence of detergents, salts, and buffers can be detrimental in
almost any form of chemical/instrumental determination

3, 4, 6

. ESI-MS has an

inherent low tolerance towards mixtures and salts stemming from the ionization
mechanism, whereas the liquid droplets are begin to desolvate the smaller, more
easily ionizable compounds take more of the available charge formation during
columbic explosion process. This creates detrimental effects on the ability to
accurately obtain and characterize ESI-MS spectra and limits the analytical
sensitivity

2, 8-10

. The polymeric nature of detergents and ions present in buffers

cause spectral complexity and analyte signal suppression by spreading the
signals over multiple m/z values. In addition there is the potential formation of
adduct compounds (i.e. M+23 (Na+), M+59 (acetate)). Beyond these effects,
there is a pronounced suppression of analyte ionization in the presence of
excess, easily ionizable buffer salts as the total ion production is limited by the
spray current. Sample preparation techniques designed to remove salts and preconcentrate analytes prior to ESI-MS analysis are thus critical in order to
increase ionization efficiency, improve signal-to-noise ratios (S/N), reduce
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spectral complexity, and increase MW accuracy and precision. Completing the
pretreatment process and analysis in a timely fashion with the least number of
steps is important in order to further reduce the chance of contamination and
analyte degradation 5. There are several types of off-line and in-line/on-line
desalting techniques prior to MS analysis including dialysis, microchannel
laminar flow, reversed-phase (RP) and size-exclusion (SEC) chromatography,
solid phase extraction (SPE), and solid phase micro extraction (SPME)

2, 10-12

.

Solid phase extraction has become a common technique for sample
concentration and desalting in the field of proteomics by virtue of its experimental
simplicity and small reagent volume requirements

5, 13-15

. The basic procedure

involves passage of the protein-containing solution across/through a packed bed
of material to which the proteins have some affinity. Salts/buffers/detergents
pass through the bed to waste, and the target analytes elute from the stationary
phase in a solvent that is more conducive to the analytical method (e.g.,
fluorescence, ESI-MS, etc.). When there is no chromatographic separation of
proteins necessary prior to analysis, SPE is the most time consuming step in the
analytical protocol. Based on the similarity in the chemical processes, HPLC
stationary phases, such C4- and C18-modified porous silica are the most common
protein SPE matrices

10, 14, 16, 17

, though other materials have been developed

using different chromatographic media 5. The most prevalent format involves the
loose packing of the chromatographic media in micropipette tips, wherein the
test/wash/elution solutions are passed by gravity, aspiration, vacuum, or
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centrifugation. Collected solutions are then processed as discrete samples or
through a subsequent chromatographic step.

Other formats have also been

developed for in-line use in order to increase recovery, improve reproducibility,
reduce elution volumes, and decrease overall analysis time

18-20

. Beyond silica-

based supports, polymer type sorbents offer several advantages including a
wider pH working range, improved chemical and mechanical stabilities, greater
possibility for surface modifications, and the ability to be easily employed in
different bed formats

15, 16, 21-24

. As a general rule, polymer sorbents exhibit lower

specific surface areas and slower intra-phase mass transfer rates, limiting total
binding capacities and kinetics involved in the adsorption/desorption processes.
In fact, the C-CP fiber surface is essentially non-porous in relation to the size of
many proteins, as the average pore size is 2-5 nm.
This laboratory has developed the use of capillary-channeled polymer (CCP) fibers as a stationary phase in HPLC separations and as sorbent media for
SPE across many applications, including metals and protein analysis

25-32

. The C-

CP fibers are extruded in a melt-spinning process from a range of base polymers
(e.g. polypropylene (PP), poly(ethylene terephthalate) (PET), and nylon),
depending on the desired type of surface interactions or potential surface
modifications. C-CP fibers have a distinct geometry consisting of eight parallel
channels and are characterized by their efficient solvent transport, low back
pressures, and rapid protein adsorption/desorption kinetics.

High throughput

protein separations have been affected in RP, ion exchange, and hydrophobic
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interaction chromatography modes. PP C-CP fibers have also been applied in a
micropipette tip format for RP-SPE of proteins from buffer solutions prior to ESIMS, UV-VIS, and MALDI-MS detection techniques

28, 30, 31

, utilizing both

aspiration and centrifugation processing of the solutions. While these studies
have demonstrated that the C-CP fiber tips were very competitive with
commercially available SPE formats, with a number of advantages including
sample throughput and recovery, there is room for general improvement. As is
true in all methods, there are risks of sample contamination, loss, and dilution
during sample handling in the multiple transfer steps involved with off-line
techniques 2, 28. Direct injection and in-line manipulations are generally preferable
in terms of reliability, decreased analysis time, reduction of reagent consumption,
and reduced handling of samples and standards. These aspects have led to
these efforts in the development of an in-line C-CP fiber SPE technique coupled
to ESI-MS.
Reported here is an in-line PP C-CP fiber SPE desalting microcolumn
format, derived from a previously-described microbore HPLC format

32, 33

, for the

desalting of several target proteins from phosphate buffered saline (PBS) and a
synthetic urine matrix prior to ESI-MS analysis. The main aim of this work was
the development of a versatile, sensitive, and inexpensive in-line SPE approach
for the analysis of biomolecules across a wide range of matrices. One of the
primary limitations of other in-line packed-bed formats, the need for HPLC
pumping

34, 35

, is overcome by the C-CP fiber packed microcolumn format as all
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of the SPE-ESI flows are affected by a standard syringe pump. Additionally,
while other SPE phases may require a surface activation step, the use of a
desalting buffer or counter flow solvent

9, 11, 12, 21, 36

, these steps are not

necessary for C-CP fiber stationary phases. It is believed that the in-line use of
C-CP fiber microcolumns presents a very promising approach to improve
throughput and sensitivity in the field of proteomics.

3.2 Materials And Methods
3.2.1

Reagents
Target proteins (cytochrome c (CytoC), lysozyme (Lys), myoglobin (Myo),

hemoglobin (Hemo)) were purchased from Sigma-Aldrich (St. Louis, MO).
Phosphate buffered saline (PBS; 140 mM NaCl, 10 mM Na 2HPO4, 1.8 mM
KH2PO4, and 2.7 mM KCl) was used for protein solution preparation, with the
buffer components each purchased from Sigma-Aldrich (St. Louis, MO) and
Fisher Chemicals (Pittsburgh, PA). ACS-grade acetonitrile (ACN, Mallinckrodt
Baker Inc., Phillipsburg, NJ) was used in the organic mobile phase eluent. MilliQ
water (18.2 MΩ/cm, NANOpure Diamond Barnstead/Thermolyne Water System
(Dubuque, IA)) was used in buffer and protein solution preparation. The elution
solvent was 50:50 ACN:DI-H2O + 0.1% trifluoroacetic acid (Fisher Chemicals
(Pittsburgh, PA)). Synthetic urine was purchased from Ricca Chemical Company
(Arlington, Texas). Stock protein solutions were prepared with approximately 1
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mg mL-1 protein concentration in milliQwater and stored at 3 °C. Fresh dilutions
were prepared with PBS prior to analysis.
3.2.2 Instrumentation
Preliminary protein quantification was performed using a Genesys 10
(Thermo Electron Corp, Waltham, MA) split beam, dual detector UV-VIS
spectrophotometer equipped with a xenon lamp and a 40 μL volume quartz
cuvette (Starna Cells, Inc, Atascadero, CA). Microsoft Excel (Seattle, WA) was
used for data processing.
Mass spectrometry analysis was performed using a Finnigan LCQ
Advantage Max (Thermo Electron Corporation, San Jose, CA) quadrupole ion
trap mass analyzer equipped with an electrospray ionization source and the
Finnigan surveyor MS pump for fluid/sample flow. The samples were analyzed
with a mass scan range (m/z) of 500-2000 Da. The operational parameters were
as follows - sheath gas flow rate (arb)= 50, aux/sweep gas (arb)= 10, spray
voltage (kV)= -4, capillary temp (°C)= 275.0, capillary voltage (V)= 40.00, tube
lens offset (V)= 95.00. System control and data collection was run by the Xcalibur
software, and Microsoft Excel was used for data compilation and management.
3.2.3 C-CP Fiber SPE Desalting Microcolumn
The C-CP fiber SPE desalting microcolumn construction and fiber
conditioning methods are similar to those previously described for the microbore
HPLC columns and SPE micropipette tip formats

28, 29, 33

. Polypropylene (PP)

was chosen as the base polymer due to its purely aliphatic chemical structure,
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allowing for hydrophilic/hydrophobic characteristics to govern the selective
adsorption of proteins to the fiber surface while inorganic salts and other watersoluble components pass. A coiled bundle (composed of a total of 658 fibers)
was pulled collinearly through a 25 cm length of fluorinated ethylene propylene
(FEP) tubing (0.8 mm i.d.), corresponding to an interstitial fraction of ~0.65. The
constructed column can then be cut to various lengths as dictated by the loading
capacity of the application at hand. In the work presented here, 5 cm lengths of
fiber-packed tubing were used, corresponding to approximately 25 mg of C-CP
fiber and a total microcolumn void volume of about 6.4 µL. Based on previous
studies, the protein binding capacity of the PP fiber microcolumns is ~1.5 µg per
1 cm of column length (5 mg of fiber)

31

, providing a theoretical protein binding

capacity of ~7.5 µg for the 5 cm microcolumns employed here. It is noteworthy
that the high permeability of the C-CP fiber desalting microcolumns allows the
use of both simple syringe pumps as well as HPLC pumps. The back pressure of
these desalting microcolumns increased linearly from 5 – 60 psi over a flow rate
range of 0.1 – 2 mL min-1.
3.2.4 In-line SPE-ESI-MS Method
The fiber-packed microcolumn is equipped with common HPLC end
fittings and connected to the divert/inject valve system located on the ESI-MS
system (Fig. 3.1) in the same manner as an injection loop. Once connected,
liquid flow can be induced either by syringe pump or HPLC pump. In this setup
the load and wash steps were completed using a syringe pump and the elution
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step was completed with an HPLC pump. While in the load position, 100 µl of
protein/PBS solution was applied to the microcolumn at a flow rate of 30 µl min-1
using the syringe pump. The load step was immediately followed by a 200 µl
milliQwater wash step at the same flow rate, also using the syringe pump.

Figure 3.1: Diagrammatic representation of the components of the in-line C-CP fiber
microcolumn desalting apparatus with ESI-MS detection.

The wash step is used to remove any salts retained on the microcolumn and to
ensure the entire sample aliquot comes into contact with the fiber surface. The
flow through of the protein load and rinse steps was directed to waste. After the
load and wash steps, the valve was switched to the inject position directing the
elution solvent (50:50 ACN:DI-H2O + 0.1% TFA) through the microcolumn at a
flow rate of 100 µl min-1 using the HPLC pump, desorbing the protein from the
fiber into the ESI source. While there have been reports of spectral interference
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with the use of TFA for ESI-MS experiments, none were observed with any of the
studies presented here. The elution solvent could be adjusted to use formic or
acetic acid is desired. The protein molecular weights were calculated from each
mass spectrum using the Xcalibur software and signal-to-noise (S/N)
characteristics determined from the TIC of the injection transients.

3.3 Results And Discussion
3.3.1 General Spectral Characteristics
In order to assess the efficacy of the C-CP fiber desalting procedure
towards achieving high fidelity ESI spectra, spectra were first acquired for the
test proteins in the presence of buffer. The adverse effects of a buffered matrix
can be seen in the spectra obtained for each of the proteins in PBS (Fig. 3.2). In
each case, the resulting mass spectrum is comprised principally of a continuum
of m/z peaks, with very few prominent spectral features that would appear for the
same proteins in neat (ACN:H2O) solutions. For example, the presence of the
heme group can be identified for CytoC, Myo, and Hemo. In none of these cases
could the molecular weights of the proteins be determined with any certainty
because the peaks related to charge distribution of the proteins cannot be
detected.

In addition to poor qualitative character, the signal intensities are

severely suppressed (>2 orders of magnitude) relative to what would be obtained
from a neat solution of the proteins at the same concentration.
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Figure 3.2: ESI-MS spectra of target proteins in PBS prior to desalting; a) cytochrome c, b)
lysozyme, c) hemoglobin, and d) myoglobin. Spectra represent 25 µL injections of ~20 µM
protein concentration.

The same sample types were analyzed using the C-CP fiber desalting
microcolumn, at protein concentrations that are a factor of 10 lower than those of
Fig. 3.2; yielding mole factions of >100,000:1 (PBS:protein).

The qualitative

spectral improvement is clearly seen in Fig. 3.3 as peaks related to the
electrospray ionization of each separate protein are distinct and readily identified.
Molecular weights were calculated using the respective charge distributions and
were determined to be: CytoC = 12,231 ± 4 Da, Lyso = 14,312 ± 2 Da, Myo =
16,962 ± 5 Da, and Hemo = 17,030 ± 10 Da.
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The small range of uncertainties

(without the use of a mass calibrant) seen here attests to the overall
effectiveness of the C-CP fiber treatment in removing deleterious salt species
and allowing for the MS instrument to efficiently detect the protein ions. Under
these specific load/wash/elute conditions, the process is accomplished in ~ 5
min.; based on the previous HPLC separations on C-CP fiber columns

32

, the

throughput can be improved substantially.

Figure 3.3: ESI-MS spectra of target proteins in PBS following desalting via the PP C-CP fiber
microcolumns; a) cytochrome c, b) lysozyme, c) hemoglobin, and d) myoglobin. Spectra
represent 25 µL injections of ~2 µM protein concentration.

As a final point, the in-line SPE treatment also greatly improves the
absolute signal intensities for the target proteins. For example, based on the
respective injected masses of protein in the spectra of Figs. 3.2a and 3.3a, an
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~200-fold improvement is seen for the signal assigned to the z = +11 ion of
CytoC, even with the concentration being 10X less.
3.3.2 Microcolumn Loading Characteristics
Beyond the qualitative aspects of measurement improvement for protein
charge distribution and molecular weight accuracy, the C-CP fiber desalting
microcolumn was evaluated regarding the more quantitative aspects of fiber
loading capacity and protein recovery. Previous studies in this laboratory using
the C-CP fibers in a micropipette tip format (as used in previous SPE work with
centrifugation as the means of moving fluid

28, 29

) determined the adsorption

capacity of a 1 cm long C-CP fiber-packed micropipette tip to be approximately
1.5 µg of protein

31

, equating to approximately a one-monolayer coverage for the

range of proteins tested. Therefore an adsorption limit of ~7.5 µg was expected
for the 5 cm fiber packed microcolumns here.

The first set of experiments

involved loading Hemo:PBS onto the desalting microcolumn and the mass
spectrometric responses analyzed over a range of 1 – 23 µg of applied protein
within an injection volume of 100 µL (~0.06 – 1.4 µM) and a volume flow rate of
30 µL min-1 (equivalent to a linear velocity of ~1.5 mm s-1). This range was
achieved by varying the sample concentration and volume applied in the loading
step. As seen in Fig. 3.4, the integrated peak areas (TIC across 500 – 2000 Da)
increase as more protein is applied to the C-CP microcolumn; up to a mass
loading of ~10 µg.
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Figure 3.4: Integrated ESI-MS TIC peak areas (500-2000 Da) for differing amounts of
hemoglobin (in 100 µL aliquots of PBS) applied to the C-CP fiber microcolumn. Error bars are
based on triplicate injections (n = 3).

There are a number of aspects which might limit the amount of product signal
beyond this point, including fiber saturation, slow adsorption kinetics, insufficient
elution volume/strength, or ionization source overload.

Similar loading

characteristics were also observed with the application of the other proteins
under these loading condition; with the exception of CytoC. The increase in
adsorbed masses over the previous studies is likely due to more precise control
over the flow rate (syringe pump vs. centrifugation) and higher linear velocity
(~1.5 vs. 0.2 mm sec-1) at which the protein is applied. In simple terms, mass
transfer rates of proteins under sheer flow conditions (as present in the C-CP
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fiber channels) increase with linear velocities due to thinning of the solutionsurface diffusion layer 37-40. Of course such improvements only occur to the point
where the column transit times become too short relative to the limiting
adsorption kinetics. In practical terms, increasing the “load” flow rate can reduce
analysis time, alter the mode in which the analyte adsorbs, as well as determine
the length of time analytes are adsorbed to the fiber surface prior to elution. It is
well known that the degree of protein denaturation observed is directly related to
time spent on a hydrophobic surface

41

. Thus the less time spent adsorbed to

the polymer surface in the course of the adsorption step, the greater the fraction
of molecules analyzed in the native conformation. As demonstrated in previous
HPLC separations, the high shear rates present in C-CP fiber columns reduces
the extent of protein denaturing relative to conventional C 8-modified silica phases
26

.

As a general response, increased ESI-MS intensities and higher charge

states are observed when proteins are in a denatured state, due to the fact that
the open conformation can accept more charges than the native folded state

6, 42,

43

. The effects of increased throughput and lower levels of denaturation under

high shear conditions towards achieving enhanced responses will be the focus of
future loading studies under various conditions of linear velocity.
An additional variable in determining the binding capacity of an SPE
phase is the role of solution concentration. On a first-principles basis, diffusion
rates increase with solute concentrations and so differences in injection volumes
for the same protein mass should provide greater analytical responses. As seen
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in Fig. 3.5, there is a definite deviation in the extent of CytoC loading based on
the actual solution concentration/injection volume. Presented below are two sets
of loading/response curves; the upper for 100 µL injection volumes (as in the
case depicted for Hemo in Fig. 3.4) and the lower one for a 300 µL volume. The
first point to note is the fact that the loading/recovery mass capacity for CytoC is
~60-80% greater than the other test proteins; reaching a limit at ~20 µg.

Figure 3.5: Integrated ESI-MS TIC peak areas (500-2000 Da) for differing amounts of
cytochrome c (in PBS) applied to the C-CP fiber microcolumn in either 100 or 300 µL aliquots.
Error bars are based on triplicate injections (n = 3).

The tertiary structure of CytoC has potential to exhibit dimerization (proteinprotein interaction) and so the increased adsorption may reflect the multi-layering
of protein on the fiber surface

44, 45

. The higher apparent loading/recovery may

also be reflective of greater recoveries in the elution step for CytoC. Based on
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previous reversed phase C-CP fiber chromatography, CytoC elutes at a lower
solvent strength (lower %ACN) than the other proteins, and so may be more
efficiently eluted from the fiber surface and introduced into the ESI source. The
second phenomenon illustrated in Fig. 3.5 is the fact that the recovery is related
to the initial solution concentration up to an applied mass of ~20 µg. Specifically,
the factor-of-3 lower solution concentrations (by virtue of the larger injection
volumes) show reductions in signal recoveries by the same proportion. This is
not an unexpected result, but highlights another aspect of the use of the C-CP
fibers in this application; solute concentrations on level of 0.2 mg mL -1 are still in
the linear portion of the adsorption isotherm. This implies that adsorption should
be quantitative up to this point. Previous studies in this laboratory have indicated
linearity in isotherms up to values of 5 mg mL -1. The third point which can be
gleaned from Fig. 3.5 is the fact that there is a decrease in signal recovery above
loadings of ~25 µg of CytoC.

Among the potential limitations in recovery

described above, it is fairly clear that the system is limited by the ability to desorb
protein quantitatively with the chosen solvent (50:50 ACN:DI-H2O + 0.1% TFA).
This response is not in itself surprising given the likelihood of extensive multilayers of CytoC in these instances.
3.3.3 Desalting of Protein in a Synthetic Urine Matrix
While many instances of protein identification and quantification do involve
otherwise simple buffer matrices (e.g., PBS), it is important to investigate the
efficacy of the in-line C-CP fiber SPE approach towards different types of
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biomatrices. As a preliminary demonstration, synthetic urine was chosen as a
representative matrix. Urine is a common biofluid for protein (and other
biomarker) determinations due to the ability to collect multiple samples over
periods of time and noninvasive collection procedure
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. In this demonstration,

myoglobin was spiked into a synthetic urine solution at a level of 200 µg mL -1
(11.8 µM). The inset in Fig. 3.6 depicts the mass spectrum obtained when 75 µL
of the spiked urine specimen was injected directly into the ESI source.

No

discernible myoglobin peaks, including the heme signature, are present over the
entire m/z scan range. The same sample, equating to a total protein mass of 15
µg was injected onto the C-CP fiber microcolumn for desalting prior to ESI-MS
analysis. The peaks characteristic of the myoglobin charge states and the heme
group are clearly present in the main spectrum of Fig. 3.6, with the representative
peaks having intensities on par with what would be obtained by direct injection of
a neat solution, illustrating the alleviation of the signal suppression caused by the
urine matrix. In fact, the extracted single ion transient for the +11 species (1542
Da) displays a >300x improvement in the S/N ratio at the transient peak for the
C-CP fiber microcolumn cleanup, even though the protein masses of the
integrated spectral acquisition is the same.
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-1

Figure 3.6: ESI-MS spectra of myoglobin present at a concentration of 200 µg mL (11.8 µM) in
a synthetic urine matrix after C-CP fiber desalting; inset - direct injection of 75 µL into the ESI
source without C-CP fiber desalting

3.3.4 Demonstration of Isocratic Protein Separation
As with all forms of sample pretreatment, natural questions exist regarding
bias with respect to multicomponent mixtures. Such biases can be particularly
problematic at solute levels approaching the binding capacity of the support
phases, where competitive binding is most evident.

The in-line C-CP fiber

desalting microcolumn was evaluated for the analysis of a mixture of two proteins
(CytoC and Myo) in PBS. The mixture was loaded onto the microcolumn at near
capacity (14 µg of protein as depicted in Fig. 3.4) in a 100 µL aliquot; consisting
of 5 µg (4.07 X 10

-4

µM) CytoC and 9 µg (5.06 X 10-4 µM) of Myo. Figure 3.7

presents the transient signals obtained for the elution of the sample under the

75

typical ESI-MS conditions of 50:50 ACN:DI-H2O + 0.1% TFA through the
microcolumn at a flow rate of 100 µl min-1.

Figure 3.7: ESI-MS temporal responses for a mixture of CytoC (5 µg, 4.07e-4 µmol) and Myo (9
µg, 5.06e-4 µmol) present in 100 µL of PBS upon elution from a PP C-CP fiber microcolumn.
Transient responses represent: - TIC for 500 – 2000 Da, - z = +9 for CytoC, and
- z = +12
for Myo.

The transient filled in with the black coloring represents the TIC obtained over
masses 500-2000 Da. Processing of extracted ion chromatograms along the
transient reveals a somewhat surprising situation wherein the two proteins exhibit
different temporal characteristics, revealing mass spectra that are dominated by
each of the proteins along the transient. The single ion chromatograms
representing the most prominent of the charge states for each protein
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demonstrate the species separation. As described previously, CytoC elutes at
lower organic percentages than myoglobin, which is seen in its earlier
appearance in the transient. Note that a mass spectrum extracted from the time
point equating to the TIC maximum is simply a combination of the two proteins.
Other than in the case of size-exclusion chromatography (SEC), it is very
unusual for isocratic elution of proteins to yield a separation on this time scale.
This finding suggests the potential to perform quick, small-scale isocratic
separations under typical ESI-MS solvent conditions, in addition to the gradient
methods demonstrated previously 26, 32. In terms of any competitive binding in
this near-saturation situation, the transient peak responses for each of the
proteins suggest that the recoveries are fairly quantitative.

3.4 Conclusions
The use of an in-line C-CP fiber-based microcolumn to affect solid phase
extraction prior to ESI-MS has been shown to significantly improve the spectral
quality obtained for proteins in complex salt matrices. The microcolumn is simply
incorporated as the injection loop of a standard six-port valve, with its
permeability allowing for simple low-pressure fluidic processing using either
syringe pumps or HPLC pumps. The microcolumn can be used successfully
under various flow rates and elution solvents that are optimal for the method of
detection (e.g. ESI-MS, fluorescence, etc.) and compares will with other low
pressure alternatives, e.g. RP monoliths
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47, 48

. In the present case, the load,

wash, and elution steps can be accomplished in ~5 min. While not demonstrated
specifically here, the non-porous nature of the C-CP fibers allows columns to be
used multiple (at least 50) times without degradation of the extraction
characteristics or physical aspects of the microcolumn. The different available
format options for C-CP fiber extraction media (e.g., columns, loops, and
micropipette tips) provide users flexibility in terms of the desired throughput and
processing complexity based on the desired analysis technique.
There will be continued investigations of the capabilities and limitations of
the PP C-CP desalting microcolumn. Based on protein separations on C-CP
fiber phases, the volume load rates can be increased to the mL min -1 level, such
that 100 µL loads employed here can be achieved in <10 s. Likewise very rapid
rinsing can be affected, with elution taking place under optimal ESI-MS
conditions.

Certainly there will be load/elution optimizations that may be

performed that are specific to a given protein/matrix situation.

Beyond the

improvements demonstrated here, there also exists a wealth of chemical means
to impart greater chemical selectivity in the C-CP fiber SPE processing. These
could include use of different base polymers, or chemical modifications of those
surfaces
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. These could include covalent attachment of ligands on the fiber

surfaces or indeed their simple adsorption.

For example, recent efforts have

shown that simple passage of a protein A solution through a C-CP fiber tip
assembly allows creation of a surface with very good IgG capture and release
characteristics

50

.

Finally, as suggested here, further work will focus on the
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incorporation

of

C-CP

fiber

microcolumns

to

perform

chromatographic

separations prior to ESI-MS analysis.
This material is based upon work supported by the National Science
Foundation Division of Chemistry under Grant No. 1011820 (co-funded by the
MPS/CHE, ENG/CBET, and EPSCoR).
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CHAPTER FOUR

DETERMINATION OF ISOFLAVONE CONTENT IN SOY, RED CLOVER AND
KUDZU DIETARY SUPPLEMENT MATERIALS BY LIQUID
CHROMATOGRAPHY-PARTICLE BEAM/ELECTRON
IONIZATION MASS SPECTROMETRY (LC-PB/EIMS)

4.1 Introduction
The use of dietary supplements is of ever increasing relevance as the
public continues to be more concerned about cancers, obesity, fitness, and
general well-being.1 It was estimated by the American Herbal Products
Association that in 2004 there were nearly 50,000 different herbal supplement
products being sold, and that number has increased to 55,600 in 2012.2 The
dietary supplement market is substantial, boasting 2010 annual sales of $28.1
billion in the U.S. alone, which increased from an estimated $15.7 billion in
2000.3 It was reported in 2001 that 48% of American adults label themselves as
“supplement users” by claiming the consumption of products such as vitamins,
herbs, botanicals, minerals, and sport nutritional products. About 17% of that
group claimed regular use of dietary supplements such as Echinacea, amino
acids, or over-the-counter hormones.3 This considerable level of consumption
has inherently brought about high awareness for consumer safety and
regulations on available products. In regards to consumer safety, it is important
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to know what active compounds, and in what amounts, are present in dietary
supplements. However, there are currently no dietary reference intake (DRI)
values for isoflavones.4 Dietary supplement regulations were initiated in the
1930’s with the enactment of the Food and Drug Administration (FDA) Vitamin
Division. Thus began much debate between the public and the government about
what regulations should be allowed. Finally, the Dietary Supplement Health and
Education Act (DSHEA) of 1994 was passed with the aim to define what a dietary
supplement is and to ensure that the identity, purity, and strength of the
components in dietary supplement products are accurately presented on the
labeling. DSHEA established the Office of Dietary Supplements (ODS) within the
Office of Disease Protection (ODP) in the National Institutes of Health (NIH).
Since then, there have been numerous acts and regulations geared towards
protecting and informing consumers of the nature of the products, including the
establishment

of

six

botanical

centers

aimed

towards

dealing

with

standardization, quality, and safety of dietary supplements.1
Current good manufacturing practices (cGMPs) were also put into place
through legislation, which required full compliance in 2010. The Analytical
Chemistry Division of the National Institute of Standards and Technology (NIST)
works alongside the ODS and has been making strides in the analytical
chemistry side of validating dietary supplement products with the development of
suites of standard reference materials (SRMs).5 The purpose of these SRMs is to
provide matrix-matched standards for different dietary supplements that are
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certified for realistic levels of active components present in the products. These
standards can then be used to validate in-house analytical methods for precision
and accuracy, provide resources for suppliers to assure safety and proper
labeling of their products, and to determine potential adulterants and ‘spiked’
compounds.1,

5

It is critical to have methods that will provide precise, accurate,

and detailed information, also enabling results to be compared between multiple
laboratories. One of the primary challenges in the development of SRMs is the
requirement of multiple, orthogonal analysis methods to attain the same
quantitative answer. It must be understood that while developing matrix-matched
materials for botanicals, there are variations in chemical fingerprints with location,
season, and other environmental influences.1, 5
Various analytical methods are currently employed for the characterization
of the active components in dietary supplements. A survey of the literature
indicates that the most widely used techniques are reversed-phase high
performance liquid chromatography (RP-HPLC) coupled with ultraviolet/diode
array detector (UV/DAD) or electrospray ionization mass spectrometry (ESI-MS)
detection.1, 6-8 The advantages of UV detection are the sensitivity, simplicity and
lower instrument costs compared to other techniques. One of the major
disadvantages is that absorbance measurements are not analyte-specific (no
structural

information)

and

so

are

incapable

of

identifying

unknown

peaks/interferences and providing structural information. On the other hand, ESIMS is capable of simple interfacing with HPLC (as long as flow rate and mobile
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phase composition are compatible), provides high sensitivity, and yields
structural information. Some of the disadvantages of ESI-MS are the intolerance
to salts and mixtures, and the multiple charge states formed in the ionization
mechanism can make spectral interpretations difficult, but this is minimized with
the use of LC separations. As such, MS-MS has become an essential component
of ESI as it is necessary to fully characterize the species of interest. Electron
ionization (EI) is a well characterized source for mass spectrometry and allows
for identification of unknowns through predictable fragmentation patterns and
matching spectral patterns in available libraries. EI is generally used with gas
chromatography (GC) sample introduction which hold some disadvantages due
to labor intensive sample preparation and derivatization steps, and possible
thermal decomposition of thermally labile compounds. For the analysis of
botanical materials in complex and varying matrices, it would be advantageous to
have LC separation capabilities combined with the predictable fragmentation
patterns and structural information provided by EI-MS detection.
Presented here is the use of a particle beam (PB) interface to couple a
RP-HPLC separation to EIMS detection for the determination of isoflavones
present in soy, red clover and kudzu dietary supplements. Isoflavones are a set
of active botanical compounds, known as phytoestrogens, which have received
much attention in the context of dietary supplements.

5, 7, 9-11

Epidemiological

studies have shown correlations between diets high in isoflavone-rich foods and
decreased risks of certain cancers and hormone-dependent diseases. 1, 6, 8, 9, 11-13
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As the roles of absolute uptake, bioavailability, and metabolism pathways of
isoflavones are not completely understood, the potential health benefits and risks
of increased isoflavone and supplement intake is of much concern.

1, 5, 7

The LC-

PB/EIMS system allows for an established HPLC method to be interfaced directly
to an EI source for mass spectrometric detection, and has been studied
extensively in this laboratory.

14, 15

The method has been validated for the

analysis of ephedra-containing SRMs and has been employed in the analysis of
components in other botanical products such as bladderwrack and green tea
extracts.

16-18

In a single run, this tool can provide both comprehensive elemental

speciation and chemical characterization of molecular species. The system can
also be easily run in series with a UV-VIS absorbance detection system when
necessary, or available, and provides both qualitative and quantitative
information simultaneously. The described separation and detection technique
provides an orthogonal method to those currently established NIST approaches,
and will afford another method of analysis for the certification of future isoflavonerelated products. SRMs (Soy; SRM 3234, SRM 3236, SRM 3237, and SRM
3238, Red Clover; SRM 3271, SRM 3272, and SRM 3273, and Kudzu; SRM
3267, SRM 3268, and SRM 3269) that are currently under development are
subjected to isoflavone determination by the LC-PB/EIMS system. A suite of five
target isoflavones (puerarin, daidzein, genistein, formononetin, and biochanin A),
where chosen in order to encompass the diverse isoflavone content of all the
SRMs of interest. The chemical structures of these compounds, as well as the
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employed internal standard (IS) compound (7-hydroxy-4-chromone, are seen in
Fig. 4.1. The LC-PB/EIMS detection method is presented here to be a viable
analytical technique for the characterization and quantitation of the active
components in botanical products.

Figure 4.1: Chemical structures and molecular weights of target isoflavones and internal
standard compound

4.2 Experimental
4.2.1 Reagents and solutions
MilliQwater was derived from a NANOpure Diamond water system (18.2
MΩ cm-1, Barnstead International, Dubuque, IA). ACS grade methanol (MeOH),
trifluoroacetic acid (TFA), individual isoflavones (puerarin, daidzein, genistein,
formononetin, and biochanin A) and the IS compound (7-hydroxy-4-chromone)
were purchased from Sigma-Aldrich (St. Louis, MO). Individual stock solutions of
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the isoflavones and IS compound were prepared in 80:20 MeOH:milliQwater and
stored in 15 mL centrifuge tubes at 4 °C and in darkness. Working dilutions were
prepared daily with aqueous 0.1% TFA. Calibration solutions were prepared by
gravimetrically mixing appropriate amounts of each isoflavone diluted solutions
and the IS diluted solution with 80:20 MeOH:milliQwater. Extraction methods,
filtration and/or additional sample preparation procedures can all affect the
downstream analysis. It is critical to be sure that the extract contains all of the
compounds of interest present in the original material as well as be conscious of
derivatives or degradation of the analytes during the extraction procedure and
storage. SRM samples (NIST; Gaithersburg, MD) were extracted by accurately
weighing ~100 mg solid into a 15 mL centrifuge tube, adding an appropriate
amount of IS solution, and adding

~10 g of 80:20 MeOH:milliQwater. The

samples were extracted for three hours using a homemade rotary mixer. The
mixer was constructed by attaching a small wooden plank to the vapor ducting
piece of a commercial BÜCHI Rotavapor R-144 apparatus. Samples tubes are
attached to the plank and the rotavapor turned on to 60 rotations per min. The
samples were then centrifuged (VWR, Clinical 50) at 4000 RPMS for 30 min. The
supernatant was filtered (0.45 µm PTFE syringe filter), transferred to 15 mL
centrifuge tubes, and stored in at 4 °C. These extracts were diluted as needed for
final analysis.
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4.2.2 Liquid Chromatography-Particle Beam Mass Spectrometry (LC-PB/MS)
Electron ionization (EI) is a well-studied and common ionization technique
for mass spectrometry and a large library of compound spectral fragmentation
patterns is available for reference and comparison. However, EI is not generally
known for its application in HPLC studies due to the high vacuum environment
required. A particle beam (PB) interface was employed in order to transform the
eluent from a liquid chromatography (LC) column into a fine aerosol which is
further desolvated via a momentum separator. The resulting ‘beam’ of dry
analyte particles are delivered into the EI source volume where they are flash
vaporized and ionized. This instrument setup has been used extensively in this
laboratory 16, 18-22 and is depicted in Fig.4. 2.

Figure 4.2: Diagram of liquid chromatography-particle beam electron ionization mass
spectrometer
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LC separations were carried out using a Waters (Milford, MA, USA) Model
Series 1500 LC pump for sample delivery and an Alltech (Grace; Columbia, MD)
C18 RP column (5 µm silica particle, 250 mm long with 4.6 mm i.d.). Mobile phase
A was milliQwater and mobile phase B was MeOH, both containing 0.1 %TFA. A
linear gradient of 30-90 %B over 40 minutes at a flow rate of 1.0 mL min -1 was
used with a 50 µL sample injection volume. A Waters 2487 Dual λ Absorbance
Detector was used for UV-VIS detection at 254 nm. The LC system was coupled
to an Extrel Benchmark quadrupole mass spectrometer system controlled by the
Extrel Merlin Automation Data System software (Extrel CMS; Pittsburg, PA). The
MS system scanned masses from 50-700 Da at 1.0 s/scan for the collection of
total ion chromatogram (TIC) responses from which selected ion monitoring
(SIM) chromatograms and corresponding mass spectra were extracted.
Operational parameters for the system (e.g., source block temperature) were
optimized previously

18

and are listed in Table 4.1. All collected data was

processed by a combination of the Merlin software and exported to Excel
(Microsoft; Redmond, WA) for data manipulation and presentation.
Table 4.1: Experimental Conditions for LC-PB/EIMS Analysis of Isoflavones
RP-HPLC
Column
Flow rate
Mobile Phases
PB-EIMS
Nebulizer Tip Temp
Desolvation Temp
Source Block Temp
Sheath gas (He) flow
Electron energy
Mass range monitored
Scan Rate

Alltech C18
-1
1.0 mL min
(A) milliQ H2O with 0.1% TFA
(B) MeOH with 0.1% TFA
85-95 °F
147 °F
276 °F
-1
500 mL min
70 eV
50-700 m/z (Da)
1 s/scan
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4.3 Results and Discussion
Most of the commonly used analytical methods for the characterization of
isoflavone content rely on chromatographic peak retention time comparisons.
This is a fairly reliable method but does not allow for the determination of
unknown compounds and is prone to errors because of the non-analyte-specific
retention time matching. It can also require very complex calibration solutions
when analyzing complex samples with multiple components of interest. A
common way to reduce the complexity of a sample and the subsequent
chromatography, and reduce the number of calibration compounds required for
peak matching, is to include an acid and/or base hydrolysis in the sample
preparation procedure. In the case of isoflavones, this process reduces the
isoflavone malonyl- and acetyl-glucosides into the base glucoside and aglycone
forms. One shortcoming of this approach is the original component profile of the
botanical material is altered at the risk of obtaining misleading or inaccurate
results and loosing important information is increased.8, 23-25
The LC-PB/EIMS method presented here for the characterization of
isoflavones in botanical material requires minimal sample preparation and allows
for simultaneous peak retention time matching with actual mass spectrometric
identification using basic EI fragmentation rules. Retention time assignments are
completed initially with UV-VIS detection at 254 nm as the separation method is
optimized, and then continued since the UV-VIS and EI detection methods are
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run in series. This provides, in a single run, a full overview of the entire isoflavone
profile in a given sample.
4.3.1 Method of Quantitation
Given the complexity of botanical samples and extraction methods, simple
quantification based on calibration standards for each analyte is impractical. As
such, an internal standard (IS) approach is used. Successful quantitation relies
heavily on the choice of IS compound. A good IS must be chemically similar to
the target analyte(s) to provide similar response characteristics but sufficiently
different so that the two compounds are discernible by the analytical instrument.
This can be achieved by isotopically labeling a target compound, which is
expensive, or choosing a unique compound with structural similarities. There are
many different IS compounds used in current isoflavone research; e.g. 2,4,4’trihydroxydeoxybenzoin26, 4-hydroxybenzaldehyde

27

, other isoflavones not being

quantified 28, and isotopically-labeled isoflavones29, 30.
For the studies presented here, 7-hydroxy-4-chromone was chosen for the
IS compound based on its structural similarities to all of the target isoflavones
(see Fig. 4.1) and its commercial availability. The isoflavone base structure is
composed of two benzene rings linked by a heterocyclic ring, where the different
isoflavones have –OH, -OCH3, –phenyl, and sugar moieties on different locations
of the core structure. The structure of 7-hydroxy-4-chromone is that same base
molecule, without the phenyl group on 3 position. It was expected that this
compound would have low potential of degradation during extraction and/or
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separation procedures, little to no fragmentation in the ionization process
(providing greater reproducibility), and similar response characteristics to the
target isoflavones. The compound was well resolved from the five isoflavones in
the chromatography method and responded well for both UV absorbance (254
nm) and EIMS detection methods, supporting its choice for the IS compound.
4.3.2 Development of Chromatographic Separation
Initial trials for the separation of the five isoflavone suite were completed
using UV absorbance detection at 254 nm. After a survey of the literature, it was
clear the RP separations using aqueous/organic gradients. Here, an RP-C18
column using a linear gradient of 20-60 %B over 40 min at a flow rate of 1 mL
min-1 (mobile phase A: aqueous 0.1 %TFA, mobile phase B: acetonitrile) was
initially employed. This did not provide the appropriate resolution between the
compounds in the calibration solution and had undesirable peak shapes.
Different trials were completed using different organic mobile phases (ACN and
MeOH) and different gradient rates, as well as a RP-phenyl column, to determine
the optimal separation. The LC method ultimately chosen used RP-C18 column
and a 30-90 %B linear gradient over 40 min at a flow rate of 1 mL min-1. Mobile
phase A was milliQwater and mobile phase B was MeOH, each containing 0.1%
TFA. Figure 4.3a presents the reference chromatogram for the standard mixture
as measured by UV absorbance detection at 254 nm.
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4.3.3 MS Characterization
The mass spectral characteristics of the isoflavone compounds were
assessed by direct injections of neat, single compound solutions. The solutions
were prepared in solvent compositions similar to the organic percentage at which
they elute off the C18 column. Each sample was introduced into the EI source (50
µL injection) with a solvent flow of 50:50 MeOH:milliQwater (each with 0.1% TFA)
at a flow rate of 1 mL min-1 and nebulizer temperature ~85 °C. Mass spectra
were obtained for each compound, including the IS, and for each analyte (except
puerarin), the molecular ion is observed with minimum, and predictable,
fragmentation. Puerarin is the largest isoflavone in the suite, and contains a
glycoside moiety on the 9 position. The sugar group makes the whole compound
more susceptible to fragmentation under the EI conditions, and a more
complicated, but still predictable, fragmentation pattern observed. For this
reason, ions chosen for SIM are m/z 162 (7-hydroxy-4-chromone), m/z 254
(daidzein), m/z 270 (genistein), m/z 268 (formononetin), m/z 284 (biochanin A),
and m/z 267, 416 (puerarin) . These traces are used for peak area
determinations.
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(a)

(b)

Figure 4.3: a) UV absorbance detection of separation of isoflavone standard solution. RP-C18
column, linear gradient of 30-90 %B over 40min at a flow rate of 1 mL min-1. b) Selected ion
monitoring (SIM) chromatograms for LC-PB/EIMS analysis of isoflavone standard solution
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Figure 4.4: Extracted mass spectra of the analysis of isoflavone standard solution. a) puerarin, b)
daidzein, c) genistein, d) formononetin, e) biochanin A, and f) 7-hydroxy-4-chromone (IS)

As a final test of the approach, a solution containing all of the isoflavones
and the IS was analyzed via LC-PB/EIMS to compare and validate the separation
and mass spectrometric characteristics. Chromatographic conditions are
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described

previously

in

the

experimental

section.

The

different

mass

chromatograms are presented in Fig. 4.3b. The mass spectra of direct injections
of the isoflavones were the same as off column, and the spectra extracted from
the separation are presented in Fig. 4.4a-f.
4.3.4 Basic Analytical Figures of Merit
A standard solution containing the five target isoflavones and the IS
compound was analyzed three times using the LC-PB/EIMS method, with the
integrated peaks areas from the SIM chromatograms used to calculate the limits
of detection (LODs) and the response factors (RF) for each of the isoflavones,
which are listed in Table 4.2.
Table 4.2: Selected Ion Masses, Limits of Detection, and Response Factors for Target
Isoflavones

m/z (Da)

2

Daidzein

Genistein

Formononetin

Biochanin A

7-hydroxy-4chromone

267, 416

254

270

268

284

162

LOD (µg/g)

1

0.069 ± 0.001

0.042 ± 0.005

0.011 ± 0.003

0.048 ± 0.009

0.012 ± 0.007

0.023 ± 0.004

LOD (µg)

2

0.034 ± 0.001

0.021 ± 0.002

0.006 ± 0.001

0.024 ± 0.004

0.006 ± 0.001

0.012 ± 0.002

0.6 ± 0.2

1.2 ± 0.1

1.6 ± 0.1

2.3 ± 0.3

1.5 ± 0.2

Avg RF
1

Puerarin

concentration per g of solvent
based on 50 µL injection

The limits of detection (LODs) were determined using Eq. 4.1, and are in
the low nanogram (6-34 ng) levels for total mass, based on 50 µL injections.
Levels of individual isoflavones in botanical materials range from 0.01 to 60
mg/g, well above the LODs of this analysis method. The RF values are used to
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calculate the isoflavone concentrations in the SRM extracts based on the relative
response of the IS compound, using Eq. 4.2 and 4.3.
LOD = 3*RSDB*0.01*[C]
(S/B)

[Eq. 4.1]

RF = Area (X) * [IS]
Area (IS) [X]

[Eq. 4.2]

[X] = Area (X) * (Mass IS*[IS])/RFx) .
Area (IS) Mass extracted material

[Eq. 4.3]

4.3.5 Isoflavone Content in Proposed NIST Standard Reference Materials
As mentioned previously, NIST creates standard reference materials
(SRMs) for the use in developing accurate analytical methods, calibrating
measurements, and to ensure adequacy and integrity of measurement quality
assurance programs. They are not used to validate what is in a certain product,
but to validate the analytical method and results obtained. In order for a material
to be sold as an SRM, it must be analyzed by at least two completely orthogonal
methods that reach the same quantitative results within accepted limits.
Orthogonal methods are necessary to reduce/eliminate measurement biases that
may be associated with a specific process or method. While the isoflavone
content in the soy, red clover and kudzu materials analyzed here have not yet
been certified, the certification processes are currently underway. The materials
analyzed here were provided by NIST as part of a grant-funded project for the
development and validation of new analytical instrumentation.
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Currently, there are four soy related (SRM 3234 Soy Flour, SRM 3236 Soy
Protein Isolate, SRM 3237 Soy Protein Concentrate, and SRM 3238 SoyContaining Solid Oral Dosage Form), three red clover related (SRM 3271
Trifolium pratense (Red Clover) Flowers, SRM 3272 Trifolium pratense (Red
Clover) Extract, and SRM 3273 Red Clover-Containing Solid Dosage Form), and
three kudzu related SRMs (SRM 3267 Pueraria Montana var. lobata (Kudzu)
Rhizome, SRM 3268 Pueraria Montana var. lobata (Kudzu) Extract, and SRM
3269 Kudzu-Containing Solid Oral Dosage Form). Each of these matrix-matched
materials underwent the aforementioned extraction procedure and separation
with sequential UV-VIS and EIMS detection. The target isoflavone calibration
suite (puerarin, daidzein, genistein, formononetin and biochanin A) was chosen
to be representative of all of the botanical products analyzed here. Soy is
reported to contain high levels of daidzin, genistin, daidzein and genistein. 31-33
Red clover plants are reported to have high levels of formononetin and biochanin
A,7, 9, 34, 35 while kudzu is known for containing daidzein and puerarin.9, 23, 36, 37
Using the IS approach, all of the samples were quantified for their
isoflavone content in mg/gram of SRM, presented in Table 4.3. Values are
comparable to that found in the literature for these types of botanical materials.
Measurement precision (standard deviation) for each of the isoflavones was
determined (n = 3), also presented in Table 4.3. The average relative standard
deviations (%RSD) are 9.38 %RSD for puerarin, 9.63 %RSD for daidzein, 8.78
%RSD for genistein, 9.68 %RSD for formononetin, and 6.07 %RSD for biochanin
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A. This may at first seem to be less than desirable for precision however, RSDs
around 10% are typically acceptable in the dietary supplement community. It is
also worthy to note that these measurements were all completed without the use
of an autosampler, which can greatly improve the precision of analytical
measurements.
Table 4.3: Concentrations of Isoflavones Extracted from Standard Reference Materials
Concentration (mg/g)

kudzu

red
clover

soy

SRM

Puerarin

Daidzein

Genistein

Formononetin

Biochanin A

3234

ND

0.012 ± 0.001

0.014 ± 0.002

0.006 ± 0.001

0.010 ± 0.001

3236

ND

0.099 ± 0.008

0.170 ± 0.009

0.010 ± 0.001

0.009 ± 0.001

3237

ND

0.007 ± 0.001

0.001 ± 0.001

ND

ND

3238

ND

0.229 ± 0.008

0.100 ± 0.008

0.005 ± 0.001

0.010 ± 0.001

3271

ND

0.072 ± 0.010

0.059 ± 0.003

0.191 ± 0.016

0.120 ± 0.011

3272

ND

0.447 ± 0.049

0.156 ± 0.013

5.010 ± 0.093

0.942 ± 0.021

3273

ND

0.047 ± 0.005

0.060 ± 0.006

0.570 ± 0.059

0.189 ± 0.023

3267

3.882 ± 0.443

3.521 ± 0.597

0.034 ± 0.004

0.057 ± 0.005

0.010 ± 0.003

3268

14.205 ± 1.026

6.469 ± 0.042

0.134 ± 0.015

0.097± 0.016

0.018 ± 0.004

3.077 ± 0.345

0.182 ± 0.014

0.011 ± 0.001

0.014 ± 0.003

3269
8.049 ± 0.766
* ND – Not detected

Figure 4.5a shows the extracted SIM chromatograms of one of soy
extracts (SRM 3238). The retention time assignments from the calibration
solution match with the SIM traces, showing the presence of daidzein, genistein,
formononetin and biochanin A. There are two significant peaks unidentified (t r ≈
13 and 17 min) with the calibration solutions and retention time matching. Using
the benefits of EIMS characterization, the unknown peaks are easily determined
based on the extracted mass spectra. The fragmentation pattern of each
unknown allowed for structural information to be obtained and the compounds
were identified as daidzin and genistin, which, as mentioned previously, soy is
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known to contain. Similar results were observed for the other SRM extracts, with
Fig. 4.5b and 4.5c showing the MS SIM chromatograms for one of the red clover
extracts (SRM 3272) and one of the kudzu extracts (SRM 3269). Each extract
has different isoflavone profile, and using the EI-MS technique, all isoflavones
present have the potential to be identified and quantified without the use of
complicated calibration standards.

Figure 4.5: Extracted SIM chromatograms for the LC-PB/EIMS analysis of SRM 3238 extract.
Peaks labeled are the target isoflavones and unknown peaks were identified by structural
information obtained. tr 13 = daidzin and tr 17 = genistin
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Figure 4.6: Extracted SIM chromatograms for the LC-PB/EIMS analysis of SRM 3272 extract.
Peaks labeled are the target isoflavones.

Figure 4.7: Extracted SIM chromatograms for the LC-PB/EIMS analysis of SRM 3269 extract.
Peaks labeled are the target isoflavones.
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4.4 Conclusions
The development of analytical techniques that provide precise and
accurate information is an important endeavor in the realm of dietary
supplements. An extraction method followed by LC-PB/EIMS analysis has been
developed for the determination of isoflavone content in botanical products. This
method does not require hydrolysis or extensive sample pretreatment steps and
allows for simultaneous absorbance and MS detection.

An internal standard

approached using 7-hydroxy-4-chromone was used for quantitation yielding
RSDs >9% for all the target isoflavones.
The extraction and analysis procedures described here can be applied to
a wide range of isoflavone containing products and provide accurate and
reproducible results. The precision has been shown to be acceptable, and future
work will be focused on determining optimal extraction and sample preparation
steps, minimizing analyte degradation, analyte loss, and analysis time. It will also
be important to focus on a suite of isoflavones specific to one type of botanical
product, as the separation method can be tailored for different suites of
isoflavone compounds. The five isoflavone suite used here was chosen to
encompass a small range of compounds found in soy, red clover, and kudzu. For
example, a solution of daidzin, glycitin, genistin, daidzein, and genistein will be
used to characterize the isoflavone profile of soy products and used to further
validate the LC-PB/EIMS method by conducting a direct method comparison with
techniques used for certification at NIST.
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CHAPTER FIVE

DEVELOPMENT OF A LC-PB/EIMS METHOD OF ANALYSIS FOR THE
DETERMINATION OF SOY ISOFLAVONES

5.1 Introduction
The public is increasingly concerned with finding more natural ways to
improve health and well-being, and functional foods have become an important
part of the nutritional science field. Soybeans and soy-based products are among
the most popular and most studied foods for their potential health benefits. 1-3
Epidemiological studies have found correlations between soy-rich diets and
lowered disease risks, especially those diseases that are age- and hormonedependent. Of the active compounds contained in soy, isoflavones are of
particular interest. Isoflavones are a sub-class of polyphenols that have been
shown to have estrogenic activity.1 Health claims for soy protein, such as “25
grams of soy protein a day, as part of a diet low in saturated fat and cholesterol,
may reduce the risk of heart disease,” are permitted by the Food and Drug
Administration (FDA) and isoflavone supplements extracted from soy are
commercially available.2 Studies on the characteristics of isoflavones are
abundant, and have worked towards determining and understanding the
anticancer, estrogenic, antiestrogenic and hormone altering effects of human
consumption. However, the results of many of the current studies and clinical
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trials have been inconsistent, and some have even pointed toward potential
health risks of increased soy intake.4-6 A better understanding of the absorption,
metabolism, and bioavailability of soy isoflavones is required, but to do so
reliable, precise, accurate and validated analytical techniques that are applicable
to a wide variety of sample matrices (e.g. supplements and biological fluids) are
essential.7-9
An important part of assuring accurate quantitation is the validation of
results obtained from a specific technique. Currently, there is considerable
variability among the analytical methods used across different research
laboratories.

7

Appropriate reference materials, calibration standards, and

validated analytical methods are required in order to compare results from
multiple laboratories and effectively determine potential nutritional status trends.
In general, a reference material is a well-characterized material that is used to
asses measurements. In the case of botanical products and dietary supplements
they can be purified constituents as well as native or synthetic solids and extracts
characterized for the chemical constituents of interest. According to the World
Health Organization (WHO), "the general use of a reference substance should be
considered as an integral part of a compliance-oriented monograph or test
procedure used to demonstrate the identity, purity, and content of pharmaceutical
substances and preparations".10 Established reference materials for botanicals
are in high demand for use by product manufacturers for the improvement of
quality control, by researchers to validate the accuracy of methods of analysis,
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and by government institutions to monitor products and enforce regulations. The
development of such reference materials is a demanding task. The National
Institute of Standards and Technology (NIST) has recently developed a suite of
soy-based Standard Reference Materials (SRMs) that will be certified for their
isoflavone content. An essential aspect to the certification process is the use of
multiple, orthogonal analysis methods.
Analysis of botanical materials is difficult as there are extensive sample
pretreatment steps and challenges in extraction efficiency, sample conservation,
and storage prior to analysis.1 Added to these are tedious chromatographic
separation and detection requirements.1 Since the chemical structures and
properties of isoflavones are very similar, the identification and distinction of
these compounds in plant matrices can be very complicated.11 There are
currently major weaknesses in the overall scheme of human isoflavone research
stemming from the lack of available reference materials and standardized
methods of analysis, which cause the inability to consistently obtain and compare
accurate, reliable, and validated results.12 Thus, the continued development and
improvement for both of these concerns is a very active area of research.
Sample pretreatment is often the limiting aspect of effective analyses.
These processes can be very time consuming and may require multiple steps.
Extreme care must be taken as this is where the majority of sample degradation,
contamination, and loss can occur if not completed properly. 1 Especially in the
case of botanical materials, solvent extraction is a crucial step for proper
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characterization because the active constituents are part of a cellulosic matrix.
An appropriate extraction procedure should remove all analytes of interest from
the sample matrix in the smallest volume of solvent compatible with subsequent
analysis techniques, and be completed in a timely fashion. 13 The number of coextracted compounds should be small, and these compounds should not
interfere with the determination of the target analytes. It is also important to keep
the original chemical profile intact, meaning that all the target compounds are
detected in the same chemical/structural form present in the original botanical
material. Some isoflavones have been shown to be sensitive to UV
photodegradation, high temperatures, and pH extremes, which need to be taken
into account when choosing an extraction method, paired with adequate storage
conditions.

Many different methods for extraction of isoflavones have been

reported, including Soxhlet extraction, soaking, mixing, shaking, sonication, and
maceration with the use of many different solvents. 1-3,

12, 14, 15

More recently,

extraction procedures such as pressurized liquid extraction (PLE), microwave
assisted extraction (MAE) and supercritical fluid extraction (SFE) have been
reported.1,

14

The most common solvents for the extraction of isoflavones are

aqueous solutions containing 50% to 90 %methanol, ethanol, acetonitrile, or
acetone. Additives, such as acids, may also be used. Extraction times vary from
30 min to 24 h, and temperatures used range from 4 °C to 80 °C. Most of these
methods do not achieve full extraction of target analytes as standalone
procedures, and so the combination of several methods is common. This often
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leaves the analyst with two choices; 1) a laborious procedure with quantitative
recovery and high selectivity or 2) a less quantitative, but reproducible, with an
easier, automatable technique.13 Overall, these methods are quite labor
intensive, time consuming, and costly. It is desirable to perform a complete
extraction using a simple method and within a reasonable time period, and a
review of the literature shows that many laboratories employ some combination
of sonication and/or agitation with centrifugation, filtration, and/or dilution steps
due to ease and availability of the procedures.2, 14, 16-19 It is desirable to perform a
complete extraction using a simple method and within a reasonable time period.
Other treatment steps, such as pre-concentration, hydrolysis, and/or filtration,
may also be necessary depending on the composition of the resulting extract and
the stability of extracted compounds.1
The final process, essential for achieving accurate quantitation, is the
separation and analysis of target compounds. Isoflavone analyses generally
employ a reversed-phase high performance liquid chromatography (RP-HPLC)
separation mode which separates based on the different hydrophobic interaction
between the analytes and the stationary phase, where the less hydrophobic
compounds will elute first and the most hydrophobic will elute last. The most
common columns are C18, using aqueous and methanol or acetonitrile
gradients. All of the compounds must elute in a reasonable time frame (<60 min,
generally) and all potential chemical forms need to be fully resolved (i.e., acetyl,
malonyl, and glycoside). The focus of a particular study will dictate the
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pretreatment steps and the level of selectivity a method must have, meaning
some clinical studies may require the identification all acetyl and malonyl
conjugates present in a samples while other many only need to identify the base
glucoside and aglycone compounds.
Optimization of the chromatography method can be one of the most
difficult and tedious steps of the total analysis, as column chemistry (sorbent
material), solvents, and gradient profile are all critical aspects in achieving a
suitable separation compatible with subsequent detection techniques. The most
common detection modes for the characterization of isoflavones are liquid
chromatography with ultraviolet absorbance detection (LC-UV) and with mass
spectrometric detection (LC-MS).16,

20, 21

UV absorbance detection is highly

efficient and reproducible, and is widely available at much lower costs than many
other detection techniques. All isoflavones absorb UV light similarly which makes
single or dual wavelength absorbance monitoring possible, but identification is
extremely limited.19 The major disadvantages of UV absorbance detection stem
from the lack of specificity and the requirements of, especially in the case of
botanical material analysis, the use of complex and expensive calibration
standards for retention time matching. MS detection provides better selectivity,
and often better sensitivity, and structural information can be generated for the
eluting compounds.19,

22

Electrospray ionization (ESI) is one of the most

commonly used ionization methods for the analysis of flavonoids; others are
atmospheric pressure chemical ionization (APCI) and thermospray, due mass
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specificity, sensitivity, and compatibility to LC techniques.22 Even so, ESI has a
low tolerance for salts and heterogeneous mixtures and the multiple charge
states can be confused in mixtures, though the use of LC technique alleviates
most of these issues.
Electron ionization (EI) is a the most common ionization technique for gas
chromatography (GC) yielding consistent compound fragmentation patterns that
allow for easy interpretation and use of reference libraries. An electron beam (70
eV) interacts with analytes in the vapor phase to produce both molecular ions
and fragment ions, the relative abundance which can be used for identification.
While the molecular ions may sometimes be absent due to high degrees of
fragmentation, the use of selected ion monitoring (SIM) of characteristic ions can
yield simplified chromatograms for target species. Problematically, many organic
compounds (such as isoflavones) are not directly amendable to GC sample
introduction due to pre-derivatization requirements and insensitivity to thermally
labile compounds. Ideally, EIMS could be implemented following an HPLC
separation of isoflavones, but the high vacuum environment required does not
tolerate the introduction of liquid samples. Willoughby and Browner introduced
the particle beam (PB) interface to couple HPLC to EI sources. The function of
the PB interface is to transform the liquid eluent from a liquid chromatograph into
a fine aerosol which is further desolvated via a momentum separator, leaving a
‘beam’ of dry analyte particles which are delivered into the EI source volume.
Once in the ion volume the analyte particles are vaporized and ionized for
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detection. This laboratory has developed and utilized LC-PB/EIMS techniques for
the detection and characterization of active components in botanical products. 2327

Described here is the development of a method of analysis for the
determination of isoflavone content soy flour using LC-PB/EIMS. A suite of five
isoflavones will be analyzed and quantitative performed using an IS approach
with 7-hydroxy-4-chromone as the IS compound. Isoflavones are extracted by a
3 h inversion mixing process with an 80 %methanol solvent using a homemade
rotary mixer, without a hydrolysis step, prior to subsequent analysis. A direct
comparison to the methodology employed in the NIST laboratories will be made,
as the extraction methods, separation chemistries, and detection methods are all
distinct. Samples prepared at the NIST campus, Gaithersburg, MD, are extracted
using sonication in 80 %methanol followed by a base hydrolysis step.

The

measurements made in both NIST and present laboratories, will be used to
validate the LC-PB/EIMS as an independent method for the certification of
isoflavone containing SRMs.

5.2 Experimental
5.2.1 Reagents and Solutions
MilliQwater was derived from a NANOpure Diamond water system (18.2
MΩ

cm-1,

Barnstead

International,

Dubuque,

IA).

Individual

isoflavone

compounds (daidzin, glycitin, genistin, daidzein, and genistein) were obtained
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from INDOFINE Chemical Company, Inc. (Hillsborough, NJ). ACS grade
methanol (MeOH), trifluoroacetic acid (TFA), and the internal standard compound
(7-hydroxy-4-chromone) were purchased from Sigma-Aldrich (St. Louis, MO).
5.2.2 Standard Solutions and SRM Sample Preparation
Stock solutions of each isoflavone were prepared by weighing appropriate
amounts

of

crystalline

(exact

mass

known)

and

diluting

with

80:20

MeOH:milliQwater (v:v). The stock solutions were gravimetrically mixed to
prepare the calibration solutions. A separate solution of the internal standard (IS)
was prepared in a similar manner, and added to each of the calibration solutions
as well as the SRM 3234 samples prior to extraction. All solutions described here
were prepared and stored in 15 mL centrifuge tubes at 4 °C, away from light. For
the extraction of isoflavones from SRM 3234, approximately 0.1 g of reference
material was accurately weighed into a 15 mL polyethylene centrifuge tube.
Approximately 200 µL (exact mass known) of internal standard solution and 5 mL
of 80:20 methanol:water (v:v) were added to the sample. The sample was
attached to a homemade rotary mixer28 and allowed to mix for 3 h, and then
centrifuged (VWR, Clinical 50) at 4000 RPMS for 30 min. The supernatant was
transferred to a clean 15 mL polyethylene centrifuge tube and stored at 4 °C until
analysis. The extract was appropriately diluted with milliQwater and filtered using
a 0.45 µm PTFE syringe filter to remove any suspended solids for final analysis.
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5.2.3 Liquid Chromatographic Separation
The LC separations were carried out using a Waters (Milford, MA, USA)
Model Series 1500 liquid chromatography pump for the sample delivery and an
Alltech (Grace; Columbia, MD) C18 reversed-phase (RP) column (250 x 4.6 mm
i.d., 5 µm particles).The mobile phases were (A) milliQwater and (B) methanol,
each containing 0.1 %TFA. The gradient profile was 30-90 %B, completed over
40 min at 1.1 mL min-1 with a 50 µL injection loop. The separation was monitored
at 254 nm via a Waters 2487 Dual λ Absorbance Detector for optimization steps,
and then directly interfaced to the MS detection system via the particle beam
interface. In work described here the UV absorbance detector remained in-line
and run in series with the MS detection.
5.2.4 Particle Beam Electron Ionization Mass Spectrometer System
The PB-MS system used was an Extrel Benchmark Thermabeam LC/MS
quadrupole mass spectrometer with an electron ionization source controlled with
the Extrel Merlin Automation Data System software (Extrel CMS; Pittsburg, PA).
A tungsten filament EI source set to 70 eV (standard EI voltage) was used,
allowing for predictable fragmentation and library comparisons, when available.
The system scanned masses from 150-700 Da at 1.0 s/scan for collection of total
ion

chromatograms

(TICs),

and

then

selected

ion

monitoring

(SIM)

chromatograms and corresponding mass spectra were extracted. All data
acquired was exported and processed by a combination of the Merlin software,
Microsoft Excel, and PowerPoint.

117

The Thermabeam interface consists of a thermoconcentric nebulizer,
desolvation chamber, and two-stage momentum separator. A fine aerosol mist,
produced by the nebulizer (75°C to 85 °C), enters the heated steel chamber (147
°C) and begins to desolvate, or dry, the solvent droplets containing the analyte
compounds. The vapors then passed through a series of two 1 mm orifices, each
with differential pressure decreases, causing the lower-mass solvent vapors to
be dispersed and pumped away while the heavier-mass analyte particles pass
through the next orifice and into the source block, heated to 275 °C. The ‘beam’
of dry analyte particles are then vaporized and ionized for MS detection.
Operational parameters for the system were previously optimized in this
laboratory.
5.2.5 Soy Isoflavone Quantitation
The target isoflavones present in the sample are quantified using an
internal standard (IS) approach with 7-hydroxy-4-chromone as the IS compound.
The calibration solutions are analyzed per the aforementioned separation
procedure and used to determine response factors for the quantitation of each
target isoflavone in the SRM material.
5.2.6 NIST Method for Isoflavone Characterization
The isoflavones present in the sample were quantified using an IS
approach, with sissotrin as the IS compound. Sissotrin is an isoflavone not
contained in soy materials, and so is a good candidate as an IS for compounds
of interest. Five stock solutions of each target isoflavone were prepared and
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gravimetrically mixed in appropriate ratios for analysis of the expected
concentrations in SRM 3234. A single solution of sissotrin was prepared and
added to each mixed calibration solution as well as to each sample. These five
calibration solutions were analyzed and used to determine response factors, in
turn used to calculate the concentration of each isoflavone in the SRM material.
Approximately 0.1 g of SRM solid was accurately weighed into a 15 mL
polyethylene centrifuge tube. Then about 1 mL (exact mass known) of IS solution
and about 4 mL of 80:20 methanol:water (v:v) was added to the sample. The
sample was mixed well, sonicated for 15 min, and centrifuged for 10 min. About 1
mL of the supernatant was transferred to a clean 15 mL polyethylene centrifuge
tube. A hydrolysis step was then employed by the addition of 75 µL of 2 mol/L
sodium hydroxide, sonication for 15 min, and addition of 25 µL of glacial acetic
acid to neutralize. A 100 µL aliquot of the sample was transferred to an
autosampler vial and combined with about 1.4 mL of 80:20 methanol:water (v:v).
The separation was completed on a Dionex Ultimate 3000 LC system
consisting of a degasser, quaternary pumps, autosampler, column oven, and
photodiode array detector, and using an Ascentis Express RP-Amide column
(150 x 4.6 mm i.d., 2.7 µm particles). The column was kept at 35 °C and the
gradient program (Table 1) was completed over 30 minutes at 1.2 mL min -1. The
mobile phases were (A) 5 mmol/L ammonium acetate in water (pH 4.7) and (B)
acetonitrile. A 5.0 µL injection loop was used and the autosampler temperature
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was maintained at 10 °C. The separation was monitored at 254 nm using the
photodiode array detector.

5.3 Results & Discussion
The most abundant isoflavones present in soy products, and the ones
focused on for the studies presented here, are the aglycones daidzein and
genistein as well as the glycosides daidzin, genistin, and glycitin. Calibration
solutions containing the pure isoflavones are used to determine limits of
detection (LODs) and an IS approach with 7-hydroxy-4-chromone is used to
determine response factors. The optimized method of analysis will then be used
in future work, quantifying the isoflavone content in SRM 3234 Soy Flour for a
direct method comparison to NIST and method validation.
5.3.1 Separation of Soy Isoflavones
The analysis method described allows for the simple acquisition of easily
interpreted EI mass spectra, and for library comparisons when available. This is
an

advantage

when

analyzing

complex

botanical

materials since

the

determination of unknown compounds is possible. Figures 5.1a-e depict the
individual EI mass spectra obtained from the separation of a calibration solution
containing daidzin, glycitin, genistin, daidzein, genistein, and 7-hydroxy-4chromone, along with their respective chemical structures. It is important to note
that the molecular ion (M●+) is present for daidzein, genistein, and 7-hydroxy-4chromone, but not for daidzin, glycitin, and genistin. These compounds are not
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fully stable under the EI conditions, with the spectra obtained clearly reflecting
where the fragmentation occurs. The glycoside moiety of daidzin, glycitin and
genistin is removed, leaving the base aglycones of daidzein (254 Da), glycitein
(284), and genistein (269 Da), respectively.

Figure 5.1: LC-PB/EIMS extracted mass spectra and chemical structure of each target
isoflavone. a) daidzin, b) glycitin, c) genistin, d) daidzein e) genistein, and f) 7-hydroxy-4chromone.
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Previous studies in this laboratory developed the separation of a different
five-isoflavone suite containing puerarin, daidzein, genistein, formononetin, and
biochanin A.28 Puerarin, formononetin, and biochanin A are isoflavones found
abundantly in other botanical materials such as red clover and kudzu. The
optimal approach in those studies was determined to be a water and methanol
gradient (30 % to 90 %methanol) over 40 min at a flow rate of 1 mL min-1, using a
RP-C18 column and this was used as the starting point for the isoflavone suite
used here. It was important to stay as orthogonal as possible to the NIST method
of comparison, but also to assure that the separation provided appropriate
resolution.
Using UV absorbance detection at 254 nm for initial monitoring, the
previously developed method did not fully separate all the components of the
calibration solution, and so the column material, gradient program, and analysis
time were varied until an optimal separation was achieved. The final separation
program chosen was the same water and methanol gradient (30 % to 90
%methanol) over 40 min at a flow rate of 1.1 mL min -1 Neat solutions of single
isoflavones were analyzed using LC-PB/EIMS detection and the SIM
chromatograms and resulting mass spectra were extracted and used to validate
retention time assignments, mass spectral characteristics and resolution of each
component.

122

5.3.2 Quantitation of Soy Isoflavones
Once a suitable separation had been achieved, the calibration solution,
containing the five isoflavones and the IS compound, was analyzed using the
PB-EIMS detection and the response factors (RF, Eq. 5.1) calculated, presented
in Table 5.1.
RF = AreaX/AreaIS * [IS]/[X]

Eq. 5.1

The SIM traces (Fig. 2) at m/z 162 (7-hydroxy-4-chromone), m/z 254 (daidzein
and daidzin), m/z 270 (genistein and genistin), m/z 284 (glycitin), m/z 416
(daidzin), m/z 432 (genistin), and m/z 446 (glycitin) were used for peak area
determinations.

Table 5.1: Selected Ion Masses, Limits of Detection, and Response Factors for Target
Isoflavones

SIM m/z (Da)
LOD (ng/g)
LOD (ng)
RF
1
2

2

1

Daidzin

Glycitin

Genistin

Daidzein

Genistein

7-hydroxy-4chromone

254, 416

284, 446

270, 432

254

270

162

6.63 ±0.04

41.60
±0.08

191.9
±0.9

19.75 ±0.09

50.1 ±0.1

8.98
±0.04

0.331
±0.002

2.083
±0.004

9.60
±0.04

0.987
±0.005

2.512
±0.005

0.449
±0.02

3.71

0.79

1.97

4.07

3.96

concentration per g of solvent
based on 50 µL injection
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Figure 5.2: Extracted SIM chromatograms for the separation of a isoflavone standard mixture

5.3.3 Extraction of Soy Isoflavones
As discussed previously, a complete and accurate analysis of the active
components in botanical materials is a non-trivial process and can be affected by
a number of factors, especially during the extraction and pretreatment process.
As might be expected, solvent composition and extraction times can significantly
affect the extraction efficiency and yields of the individual compounds. Hydrolysis
steps are often employed in isoflavone studies to force the removal of the acetyl
and malonyl moieties on the glycosides and aglycones structures, which reduces
chromatographic complexity. Such added sample manipulations can lead to
increased potential of sample contamination and loss. The method of extraction
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used here is a simple 80:20 MeOH:milliQwater solvent and 3 h rotary mixing at
room temperature. A hydrolysis step is not employed, and the sample is simply
centrifuged and the supernatant transferred for storage. This reduces the sample
handling steps and chemical modifications required, and in turn reducing the
potential of sample degradation, contamination, and loss.
For a complete method comparison, the extracts prepared in this
laboratory will be quantified for their isoflavone content using the LC-PPB/EIMS
method describe previously. The sample prepared at NIST will also be quantified
for their isoflavone content using the LC-PPB/EIMS, employing first the NIST
describe separation method and then the separation method used in this
laboratory. The results of these studies will be compared alongside the results
obtained at NIST. This will allow for the determination of measurement biases, if
any.

5.4 Conclusions
Presented here is a method for the determination of isoflavones found in
soy materials. The method is completely orthogonal from the LC-UV method
used at NIST in the certification of SRM 3234 Soy Flour. The orthogonality of the
two approaches stems from the lack of a hydrolysis step after extraction, the
separation column chemistry, the choice of internal standard, and the detection
method.

The

LC-PB/EIMS

approach

provides

accurate

and

precise

measurements for the determination of the target isoflavones as well as providing
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simultaneous structural information. An additional advantage to the LC-PB/EIMS
method is the ability to simultaneous monitor with UV-VIS absorbance detection
as well.
Future studies will complete the quantitation of target isoflavones in the
SRM 3234 with LC-PB/EIMS detection. The method will also be used for the
determination of isoflavone content in the rest of the suite of soy SRMs as well as
characterizing the isoflavone content in other SRMs suites, including red clover
and kudzu.
The majority of this work is financially supported by the NIST funded grant
(US Department of Commerce, award number 60NANB12D110). I would also
like to thank Dr. Melissa Phillips for all the help, guidance and support throughout
the duration of this project.
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CHAPTER SIX
SUMMARY

The aim of this dissertation was to emphasize the importance of sample
preparation techniques for the improvement of analytical measurements. Chapter
1 outlined specific needs of sample preparation techniques, highlighting two
major examples: the analysis of proteins in complex matrices, and the
characterization of active components in botanical materials. The first half of the
dissertation focused on the sample cleanup requirements for proteomic
techniques, concentrating on solid phase extraction (SPE) for electrospray
ionization mass spectrometric (ESI-MS) analyses. The second half of the
disseration shifted towards underlining sample preparation challenges in the
analysis of botanical materials, focusing on the extraction, separation, and
detection choices.
Chapter 2 described the utilization of polypropylene (PP) capillarychanneled polymer (C-CP) fiber for the solid phase extraction (SPE) of proteins
from various matrices. The unique geometry of these fibers combined with the
essentially non-porous aliphatic surface provided an excellent SPE sorbent
material and was employed here in a micropipette tip-based format.
Centrifugation was used as the moving force for solution passage in the
loading/washing steps instead of the previously-employed manual aspiration.
The SPE method performance was evaluated using the target proteins
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cytochrome c, lysozyme, myoglobin, and glucose oxidase in phosphate buffered
saline (PBS) solutions and UV-VIS absorbance spectrophotometry for protein
quantification. Protein loading capacities were determined to be ~1.5 µg per 5 mg
fiber and the average recoveries were determined for each protein sample;
cytochrome c ~86%, lysozyme ~80%, myoglobin ~86%, and glucose oxidase
~89%. Recoveries from more complex matrices, synthetic urine and synthetic
saliva, were determined to be ~90%. A 10x dilution study for a fixed 1 µg protein
application yielded 94 ± 3.2% recoveries. The C-CP tips provided significantly
higher recoveries for myoglobin in a PBS matrix in comparison to a
commercially-available protein SPE product, with the added advantages of low
cost, high throughput, rapid processing, and reusability.
Chapter 3 continued the use of the C-CP fiber as SPE media by
discussing an in-line micocolumn format for ESI-MS analysis of proteins. The
aliphatic C-CP fibers readily retain hydrophobic species (e.g., proteins) from salt
matrices, releasing them upon switching to typical ESI support solvents (e.g.,
50:50 ACN:H2O).

The high permeability of the microcolumn allowed for

operation under simple syringe pump-driven flow, ultimately providing greater
mass spectral clarity and accurate molecular weight determinations for different
protein/buffer combinations. The described work focused on the desalting and
pre-concentration of cytochrome c, lysozyme, myoglobin, and hemoglobin from
PBS and a synthetic urine solution prior to ESI-MS determinations. In every
case, responses for micromolar-level proteins in PBS improved from the situation
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of not permitting molecular weight determinations to values that were precise to
better than ±10 Da, without internal standards. The protein mass adsorption
limits for a 5 cm desalting microcolumn were determined to be ~ 26 µg for
cytochrome c and ~ 10-13 µg for lysozyme, myoglobin, and hemoglobin.
Analysis of a mixture of proteins (myoglobin/cytochrome c), suggested the
potential of performing small-scale isocratic separations using the C-CP fiber
desalting microcolumn.
Chapter 4 described the characterization of isoflavones in proposed NIST
standard reference materials (SRMs) by a liquid chromatography particle beam
electron ionization mass spectrometry (LC-PB/EIMS) technique. Botanical
materials (soy, red clover, and kudzu) are characterized for the content of a suite
of five isoflavones (puerarin, daidzein, genistein, formononetin, and biochanin A).
The reversed-phase chromatographic separation was first optimized using UVVIS detection and then the LC output was introduced to electron ionization mass
spectrometric (EIMS) detection using a particle beam interface. The separation
was carried out using a commercial C18 column and a linear gradient using water
and methanol (both containing 0.1% TFA) as mobile phases A and B. Limits of
detection for the isoflavones were determined to be on the nanogram level.
Quantitation was performed using an internal standard (IS) approach with 7hydroxy-4-chromone as the IS compound. The levels of isoflavones in the
botanical products were determined for the proposed SRM suites.
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Chapter 5 provided a detailed report of the qualitative determination of soy
isoflavones (daidzin, glycitin, genistin, daidzein, and genistein) using a liquid
chromatography-particle beam electron ionization mass spectrometric (LCPB/EIMS) technique, and subsequent to the NIST approach for the determination
of soy isoflavones. A 3 h rotary mixing extraction procedure, with 80% MeOH as
the extraction solvent, was employed prior to a reversed-phase separation on a
commercial C18 column with a linear gradient of water and methanol (both
containing 0.1% TFA). Quantitation of the target isoflavones was achieved with
an internal standard (IS) approach using 7-hydroxy-4-chromone as the IS
compound. The absolute limits of detection for the compounds were determined
to be on the nanogram level (0.4-10 ng), based on 50 µL injections onto the LC
column. This method will be directly compared to results obtained by an
approved NIST method, using SRM 3234 Soy Flour as the test sample matrix, for
method validation.
The research presented here has established the base knowledge
necessary to continue work in this laboratory. Future studies will continue to
collaborate with NIST on several exciting areas. Surface modification chemistries
will be used to affect the specificity of the C-CP fibers for both micropipette and
microcolumn formats. It is also envisioned that the adsorption of certain dyes,
such as cibacron blue, will allow for the development of albumin depletion
tips/microcolumns for the analysis of target analytes in fermentation broths. LC-
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PB/MS techniques, using both glow discharge (GD) and EI ionization, will be
applied to other proposed SRM materials, such as arsenic in human urine.
Overall, I hope this dissertation has shown the important of sample
preparation development and choice for many different areas of analysis. The
primary goals of analytical chemistry are to obtain accurate and precise
measurements, quickly and with lowered costs. Sample preparation is the
starting point to successfully achieve these goals.
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APPENDIX A

AMBIENT DESORPTION/IONIZATION MASS SPECTROMETRY USING A
LIQUID SAMPLING-ATMOSPHERIC GLOW DISCHARGE (LS-APGD)
IONIZATION SOURCE

A.1 Introduction
The field of ambient desorption/ionization (ADI) sources for mass
spectrometry has been in continuous evolution over the past decade.1-6 Ambient
ionization sources are similar to the common atmospheric pressure ionization
(API) sources, such as electrospray ionization (ESI), atmospheric pressure
chemical ionization (APCI), and atmospheric pressure matrix assisted laser
desorption/ionization (AP-MALDI), but have distinct differences that provide
practical advantages.

There are four major features that distinguish the

operational space of ADI sources:1 1) production of ions via a ‘soft’ mechanism
similar to that of ESI, APCI, and AP-MALDI, 2) allows for direct probing of the
sample with minimal pretreatment procedures, 3) easily interfaced to most types
of mass spectrometers, and 4) ionization occurs without enclosures that may limit
sample size/shape/physical state. Thus the major advantages of ADI methods
are the ability to analyze samples in an open ambient environment, in the lab or
field, and without sample pretreatment or processing steps. At present, over 40
variations of ADI sources have been described in the literature, 1-5,
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7-13

with the

approaches generally fitting into categories based on the means of generating
the reactive desorption/ionization agents; either charged droplets or excited-state
gas atoms.

In the first case, the means of generating charged droplets is

typically some variant of an ESI source. In the latter, some type of atmospheric
pressure plasma is used to generate metastable atoms.
The first-developed, and most popular, ADI sources are desorption
electrospray ionization (DESI) and direct analysis in real time (DART). DESI is
an ambient ionization source that combines characteristics of ESI and desorption
ionization (DI) methods.14 An electrospray tip is used to emit charged solvent
droplets into the gas phase that are directed (in a gas stream) towards the
sample/surface, setting up the desorption and ionization processes. DESI is a
semi-soft ionization technique with two major ionization mechanisms proposed,
which are dependent on the sample type.1, 3, 5 The first is similar to a mechanism
known as chemical sputtering,2,

5

where sample ions are generated through

proton, electron, or ion transfer from the charged solution droplets on the sample
surface. The now-charged analyte species are ejected from the sample surface
and are transported by gas dynamics to the MS entrance orifice. The second,
and more accepted, mechanism more readily explains the common ESI-like
spectral characteristics.2,

5

In this case, the surface is pre-wet from initial

droplets, forming charged droplets (based on the primary solution composition)
containing analyte on the surface, which are then released through the
momentum of subsequent impacting droplets. These smaller secondary droplets
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desolvate and create multiply charged ions (as in ESI). Alternative means of
introducing analyte species into the gas phase, with subsequent ionization by
electrospray-generated agents, include piezoelectric, thermal, laser-induced
desorption processes.1

DESI has been shown to successfully ionize a wide

range of analytes including proteins (up to ~65 kDa), carbohydrates, polymers
and small organic molecules.1

The LODs for DESI tend to be an order of

magnitude higher than similar ESI experiments, with low femtomole levels
reported for small molecules.
DART is a plasma-based ambient ionization technique which employs a
corona discharge to create high-lying, metastable atoms of the helium (Hem*)
discharge gas in a heated gas stream.8 The ionization mechanism behind the
various plasma-based sources (in general) is not as clearly defined as other API
sources, but numerous studies has been conducted showing similarities with
atmospheric pressure photon-ionization (APPI) and atmospheric pressure
chemical ionization (APCI).1 With DART the source in particular, a corona-glow
discharge creates metastable helium atoms (He*m) that are entrained in the gas
flow while charged species (ions and electrons) are removed from the stream by
electrostatic potentials placed on screens/plates. The metastable atoms then
interact with the analyte directly (i.e., Penning ionization) or with ambient solvent
or background gases to form various charge transfer agents to affect analyte
ionization via electron capture, dissociative electron capture, anion attachment,
or proton transfer.8 As such, the solvent composition and ambient atmosphere
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conditions play key roles in the ionization and resulting ion species. Different
from DESI-type methods, the plasma-based methods rely on some form of
thermal volatilization to release analyte species into the gas phase. The thermal
energy can come from the hot gas stream itself, indirect heating of the sample
substrate, or laser vaporization. In addition to the corona discharge employed in
DART, direct current and dielectric barrier glow discharges are employed to
generate the primary reactive species.12,

13, 15, 16

Plasma sources tend to have

advantages over spray techniques stemming from their robust construction and
the near-sole generation of singly-charged ions, regardless of the analyte
chemistries.1, 5, 7, 8, 12, 13 LODs tend to be on the single-nanogram level for most
analytes using plasma-based systems, with analytes molecular weights limited to
~1 kDa due to volatility issues.1, 6
As noted in the reviews referenced above,1,

3, 4, 6

variability in terms of designs of ADI-MS sources.

there is a tremendous

Each of the two primary

categories brings its own sets of analytical strengths and weaknesses in terms of
mass sensitivity, potential for quantification, and susceptibility to matrix and
environmental effects. Opportunities would seem to exist for new designs having
greater capacity for generating primary ionization agents, higher volatilization
efficiencies, operation with greater overall robustness, and perhaps providing
real-time means of quantification.
Marcus and Davis initially developed a liquid sampling-atmospheric
pressure glow discharge (LS-APGD) device used for elemental analysis by
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optical emission spectroscopy (OES) detection.17-19 Detailed optimization of the
source included the effects of gas and liquid flow rates, liquid composition,
powering modes, geometries, and electrode materials. More recently the LSAPGD has also been used for elemental mass spectrometry, as the energetics of
the plasma ionize solution-originating analyte species as well as laser-ablated
materials directed into the microplasma volume.20-22 This ionization source is
seen as an alternative to inductively coupled plasma (ICP) ionization due to the
advantages of lower operating powers (<10 W, d.c.), smaller footprint (1 mm3
plasma volume), and low liquid flow rates (<25 L min-1). In fact, it complements
traditional, organic, API sources as it has been directly mounted onto commercial
LC/MS instruments. Limits of detection for this device are as low as 0.1 ng for 5
µL injections, which are competitive with first-generation ICP-MS devices.23, 24
Presented

here

is

the

preliminary

evaluation

of

an

ambient

desorption/ionization-liquid sampling-atmospheric pressure glow discharge (ADILS-APGD) source for mass spectrometry. The source appears (at this point) to
operate as a hybrid of the DESI-type and plasma-based ADI sources, with the
ability to deliver much higher fluxes (on the order of mA) of desorbing/ionizing
agents and higher kinetic temperatures. The previously established LS-APGD
ionization source was modified very slightly to accommodate the new sampling
mechanism where desorption/ionization occurs from the sample surface (either
solution residues or solids) without the requirement of pretreatment or
modification. The source was mounted to the standard interface of a Thermo
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Finnigan (San Jose, CA) LCQ Advantage Max quadrupole ion trap mass
spectrometer system without any modifications to the instrument faceplate or ion
optics.

Plasma current, electrode and sampling geometry/distances, and

sampling liquid composition were investigated regarding their effects on ion
signal intensity and spectral characteristics. Initial assessment of the operational
parameters and limits of detection was undertaken for residues of 10 L drops of
caffeine solutions. A comparison of the role of electrolyte solution identity on
caffeine responses for the LS-APGD and a standard ESI source is presented to
lend some insights into the operable mechanisms of the microplasma ADI
source. Finally, the spectral characteristics of a variety of solution and solidphase samples are presented to provide suggestions as to the potential
applicability of the device. The source is in the early stages of development and
optimization, and so while further work in necessary, there is clear potential for
the LS-APGD to provide sensitive ADI analysis with wide sample versatility;
including the previously described elemental analysis of flowing solutions.
A.2 Experimental Section
A.2.1 Samples and Reagents
All reagents were used without additional purification. MilliQwater (18.2
MΩ cm-1, NANOpure Diamond Barnstead/Thermolyne Water System (Dubuque,
IA)), Nitric acid (HNO3) was obtained from VWR (West Chester, PA), and sodium
chloride (NaCl) (Sigma-Aldrich, Inc (St. Louis, MO)) were used in the preparation
of the flowing electrolyte solution and solution-originating samples analyzed as
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residues off glass slides.
Chemical

Company,

Caffeine (99% purity) was purchased from Aldrich

Inc

(Milwaukee,

WI).

Investigations

into

the

desorption/ionization characteristics from different sample surfaces were
completed using the following materials: green tea leaf (Boston Tea Company,
Hackensack, NJ), green tea extract (Gaia Herbs, Brevard, NC), coffee bean (The
Eight O’Clock Coffee Company, New Providence, NJ), tobacco leaves from a
cigar (Tabantillas, Weston, FL), Equate ibuprofen tablet (Perrigo, Allegan, MI),
and paper currency ($20 US bill). Helium (Airgas National Welders, Charlotte,
NC) was used as the sheath gas for the LS-APGD and UHP Nitrogen (Airgas
National Welders, Charlotte, NC) was used as the cooling gas in the ion
sampling region of the MS system.
A.2.2 ADI-LS-APGD Ionization Source
The home-built ADI-LS-APGD ion source, adapted from a previous
design,21 was interfaced to a Thermo Finnigan LCQ Advantage MAX quadrupole
ion trap mass spectrometer.

A diagrammatic representation of the device is

presented in Fig. A.1. An aluminum mounting plate was designed and built by the
Clemson University machine shop, to attach directly to the LCQ API source
mounting mechanism. The respective glow discharge electrodes were mounted
on translational stages to provide experimental flexibility and control. The ion
source consists of a liquid flow anode and a metal (Ni) cathode mounted on
separate directional stages; X-Y stage from Newport Corporation (North Billerica,
MA) and the X stage from New England Affiliated Technologies, Inc (Lawrence,
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MA). The electrolytic and test solutions (constituting the anode electrode) are
introduced to the APGD through a glass capillary (125 µm o.d., 75 µm i.d.)
housed within a stainless steel capillary (700 µm o.d., 500 µm i.d.). Solutions
were delivered via a syringe pump (kdScientific, Holliston, MD) operated at a flow
rate of 30 µL min-1. A sheath gas (He) passes in the inter-capillary gap and

Figure A.1: Diagrammatic representation of the components of the LS-APGD source as applied
in ambient desorption/ionization mass spectrometry.

over the end of the glass capillary, carrying plasma species toward the sample
surface. The Ni counter electrode (cathode) consisted of a high voltage vacuum
feed through (CeramTec Corp., Laurens, SC), mounted perpendicular to the
anode, with an ~1 mm gap. Power was supplied by Bertan Model 915 series
power supply (Hickville, NY) operated in the constant current mode, with a 10 kΩ
ballast resistor placed in series with the powered cathode (the electrolytic anode
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is held at ground potential). The spatial arrangement between the electrodes,
the sample surface, and the MS entrance aperture are described in subsequent
sections. In the course of the parametric evaluation, a caffeine test solution, 100
g mL-1 in 50:50 MeOH:H2O, was spotted onto a glass slide in 10 L volumes
and allowed to dry in an 80°C oven (VWR, Radnor, PA); yielding a mass of 1 g
in an ~1mm2 spot. For each analysis, the plasma was initiated and a specific
spot analyzed for ~30 seconds and the integrated MS responses processed. A
new caffeine spot was analyzed for each different discharge condition, with each
data point presented being the average triplicate exposures.
A.2.3 Mass Analyzer System
The Thermo Finnigan LCQ Advantage MAX quadrupole ion trap mass
spectrometer was operated in positive ion mode, ion capillary temperature
250°C, ion capillary voltage 40 V and tube lens offset 95 V. These values are
typical of what is used for ESI-MS analysis of similar analyte types on this type of
instrument. The m/z scan ranges and integration times were chosen on a per
sample basis, with the acquisition rates of 3 scans s-1. No type of collisional
activation MS/MS was applied in this work. The Xcalibur Software (Thermo) was
used for system operation and data acquisition. Xcalibur and Excel (Microsoft,
Redmond, WA) were used for data processing.
A.2.4 Safety Considerations
High voltages and currents are used in the operation of the LS-APGD. The
source assembly and platform is insulated for operator protection by a
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poly(methyl methacrylate) box constructed in this laboratory, but care should be
taken to avoid potential dangers.
A.3 Results And Discussion
A.3.1 ADI-LS-APGD Parameter Optimization
As with all ADI sources, there is a complex set of interactions and
processes that must be optimized to affect the desired analytical responses. 6
Parameters which affect the production rate and delivery flux of the
desorbing/ionizing agents must be matched with the geometric aspects of
delivery the target analyte ions to the region of the MS sampling orifice. The
starting point for the APGD parameter optimization was the conditions employed
in the previous elemental analysis works.20,

21

The helium sheath gas and

electrolyte (1 M HNO3) flow rates were held constant (1 mL min-1 and 50 L min1

, respectively) in the evaluation of sampling geometries as this provided a high

level of plasma stability. The geometry of the electrodes was then optimized
using caffeine residues on a glass slide as the test species. The primary metric
was the signal intensity of the characteristic, protonated, pseudo-molecular ion at
m/z = 195 Da. An initial discharge current of 15 mA was chosen as higher
currents resulted in additional spectral peaks related to decomposition of the
polymer coating of the glass capillary. The geometric relationship between the
electrodes and MS entrance orifice was varied (somewhat coarsely at this point)
across a wide range of combinations.

Ultimately (as might be intuitively

anticipated), a co-linear alignment between the glass capillary exit and the MS
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sampling orifice, with the Ni counter electrode set off-axis at an angle of 90o
worked very well.

The desorption/ionization agents must impinge onto the

surface of the sample, and so the solution electrode was mounted at an angle of
35-40° with respect to the sample plane, which was ~2 mm below the ion
sampler axis. In this arrangement (as is the case in virtually all ADI devices), the
He sheath gas directs the plasma-generated reagents and gases toward the
surface, with the desorbed species entrained in the general direction of sampling
aperture.

The translational stages allowed for the relative position of the

electrode intersection (plasma volume) and the deposited sample to be changed
with respect to the MS sampling orifice. This distance was varied from 2 – 13
mm, in single mm steps. As presented in Fig. A.2, appreciable (M+H)+ signals
occurred only at distances from 2 – 6 mm, with a fairly sharp maximum at a
plasma-to-orifice separation of 3 mm, with the deposited solution residue located
approximately half-way in between.
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Figure A.2: Response of the protonated, pseudo-molecular ion (M+H) of caffeine as a function
of sampling distance between the plasma and ion sampling orifice. Discharge current = 30 mA,
-1
-1
electrolyte = 1 M HNO3, flow rate = 30 µl min , He sheath gas flow rate = 1.14 mL min ,
-1
analytical sample: residues of 10 L, 100 g ml solution in 50:50 H2O:EtOH. Inset: Diagram of
sampling geometry.

The response seen here seems to simply reflect the angular and distance (i.e.,
solid angle) dependence on the transport from the substrate surface and the
sampling orifice. Certainly, much finer evaluation of the geometric aspects of the
sampling (particularly the incident and take-off angles) is in order.
As suggested previously, the primary projected advantage for the LSAPGD source in ADI applications is the ability to deliver very high primary
reagent fluxes to the substrate surface. As in the case of DESI and most of the
other devices this is controlled by the electrospray/discharge current. In the case
of DESI, the primary particle/droplet current is on the order of single A. Using
caffeine as the test compound, the intensity of the m/z = 195 Da peak was
monitored as a function of the applied current. As seen in Fig. A.3, there was a
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significant increase in signal as the plasma current was increased above 10 mA,
which peaked at 15 mA, and gradually decreased as the current was further
increased up to 25 mA. In the low current regime, the plasma is somewhat
diffuse, becoming rapidly brighter above 10 mA. This response is interpreted as
the onset of when the plasma has sufficient energy to totally vaporize the
electrolyte feed.

Interestingly, the total ion counts (TIC) for the exhaustive

analyses continue to increase while the desired caffeine (M-H)+ signals begin to
diminish at the highest currents. In these situations, the derived mass spectra
become populated with background plasma species (more water clusters) and
decomposition products of the polyimide glass capillary coating. Both of these
phenomena were observed in the earlier “elemental MS” applications.21 While it
might be thought that the

+

Figure A.3: Response of the protonated, pseudo-molecular ion (M+H) of caffeine as a function
-1
of discharge current (sampling distance = 3 mm). Electrolyte = 1 M HNO3, flow rate = 30 µl min ,
-1
-1
He sheath gas flow rate = 1.14 mL min , analytical sample: residues of 10 L, 100 g ml
solution in 50:50 H2O:EtOH.
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decreases in pseudo-molecular ion signals might reflect a situation where
ionization suppression may be occurring, in fact here it is seen that the added
power density of the plasma is leading to greater ion fragmentation.
The ADI-LS-APGD source parameters used for the remainder of the study
included a He sheath gas flow rate of 1.14 mL min-1, and electrolyte flow rate of
30 µL min-1, an inter-electrode spacing of 1 mm, a 3-4 mm distance between the
plasma and the MS entrance orifice, a 1-2 mm distance between the sample and
the plasma, and a discharge current of 15 mA. A preliminary determination of
the limits of detection (LOD = (3*RSDB*0.01*[c])/(S/B)),25 based on the spectral
background in the region of the caffeine (M+H)+ signal for the sampling of a 50
g mL-1 solution residue, yielded a value of 1.3 ± 0.8 ng mL-1, corresponding to
~10 pg (~50 fmol) dry weight. This level of detectability is on the lower end of
values reported for other ADI sources.2, 3 More in line with performing quantitative
analyses, replicate exhaustive samplings of 50 µg mL-1 caffeine residues resulted
in a variability of ~50 %RSD for the m/z = 195 Da integrated peak areas.
Certainly, there are opportunities for improvement in terms of greater rigor in the
spotting

process

and

optimization

and

improved

control

of

the

desorption/sampling geometries. Finally, and very importantly, it is believed that
inclusion of some form of internal standard in the primary electrolyte solution
holds a great deal of promise towards improving reproducibility as well as novel
approaches to quantification.
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A.3.2 LS-APGD Desorption/Ionization Mechanisms
A cursory evaluation of the operation principles of the LS-APGD would
suggest

that

the

microplasma

source

likely

generates

reactive

water

clusters/droplets, which affect desorption/ionization in a manner analogous to
DESI. In comparison to the plasma-based ADI sources where helium metastable
atoms are major contributors to the overall ionization, previous optical emission
measurements suggest that the sheath gas atoms in the LS-APGD do not
penetrate into the energetic microplasma to a great extent.19 It is believed that
the collisional processes with plasma electrons are likely the more direct means
of generating (H2O)nH+ species, that have been noted in “elemental” mass
spectra with n-values up to 35-40.20

The fact that the plasma is sustained by

introduction of the 1 M HNO3 electrolyte implies that a high concentration of
protons passes through the plasma per unit time.
As a benchmark to characterize the ionization within the ADI-LS-APGD source,
the mass spectrum of caffeine analyzed as a solution residue was compared to
that obtained with the ESI source conventionally employed on this MS system.
The spectra were acquired under the same MS interface and ion manipulation
conditions. As clearly seen in Fig. A.4, the spectral patterns for the two sources
are virtually identical, dominated by the (M+H)+ species, with slightly less
fragmentation observed for the ADI-LS-APGD ionization source; implying a
common ionization mechanism involving a proton transfer event. It is important
to note that the same total mass of caffeine (0.5 g) was analyzed in both cases,
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with the laboratory-made LS-APGD source yielding ~7x greater integrated
intensity, with an ~3x improvement in signal-to-background characteristics.

Figure A.4: Mass spectra obtained in the analysis of caffeine using the a) ESI and b) ADI-LSAPGD sources. Standard ESI conditions of positive ion mode, flow rate 50 uL/min, ESI capillary
voltage 4 kV, Sheath gas (He) 30 (AU), ion capillary temperature 250°C, ion capillary voltage 40
-1
V and tube lens offset 95 V, for a 50 µL injection of a 10 µg mL test solution. LS-APGD
-1
conditions as described in Fig. A.2, for the dry residue of a 10 µL aliquot of a 50 µg mL test
solution.

The primary role of the electrolyte solution feed in the LS-APGD is a
means of coupling the d.c. potential so that the plasma can be sustained at the
surface of the liquid. From that point, the passage of current across the air-liquid
interface causes heating, vaporization, and introduction of solutes into the
energetic plasma region.

To be clear, the plasma ceases to operate in the

absence of the electrolyte flow. Based on the mass spectra described to this
point, ionization likely takes place via proton transfer from protonated
molecules/clusters.

In order to understand the genesis of these ionization

agents, the electrolytic solution composition was varied from 0.01 – 1 M (0.0022%) HNO3 and the corresponding caffeine (M+H)+ signal response observed for
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10 L, 10 g mL-1 caffeine residues run under constant discharge current
conditions.

As can be seen in Fig. A.5, the response of the caffeine pseudo-

molecular ion is proportional to the solution phase hydronium ion concentration,
with an ~5x[H+] dependence. This is perhaps not surprising, and suggests that a
DESI-type process wherein an aqueous proton transfer reaction on the surface,
followed by fission of surface droplets, may be involved.
Previous studies in this laboratory have shown that the LS-APGD plasma
can also be stably operated using simple salts as the electrolyte.18,

26

Thus a

situation exists wherein the solution is not the origin of the reactive species
(acidic droplets). The corresponding response for the case where aqueous NaCl
solutions (0.005 – 0.5 M) were employed as the electrolytic solution suggests a
different mechanism than initially proposed. Clearly seen in Fig. A.5 is the fact
that the yields of the protonated caffeine are higher than in the HNO3 case, with
the concentration dependence being approximately the same. (A similar addition
of only 0.01 M NaCl severely suppresses the caffeine
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Figure A.5: Response of the caffeine (M+H) signal at m/z = 195 Da to variations in the LS-1
APGD electrolyte composition. Electrolyte feed rate = 30 µl min , discharge current = 15 mA, He
-1
sheath gas flow rate = 1.14 mL min , analytical sample: residues of 10 µL aliquots of a 100 µg
-1
mL solution in 50:50 H2O:EtOH.

(M+H)+ response using the ESI source; as would be expected.) There is no
indication in the product mass spectra that a chemionization involving Na + is
taking place. Therefore, it is suggested that the formation of the protonated
analyte species is the result of Brønsted acid agents being created in the
microplasma itself from the feed water solution. Indeed, it cannot be concluded
at this point that any type of surface solvation or Coulombic ejection mechanism,
as implied in the DESI literature, can be invoked.6

Condensation is not

observed on the glass slides whatsoever. It is most likely that the ~2,500 K
microplasma19 located 2 mm above the sample surface provides sufficient
thermal energy (via gaseous atoms and molecules) to affect vaporization, as is
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the case in the DART-type devices. Once in the gas phase, high densities of
(H2O)nH+ or simple H+ species, generated through the vaporization of the
aqueous mobile phase and energetic collisions within the plasma, ionize the
analyte molecules through proton transfer reactions.

That said, the spectral

characteristics of caffeine do not suggest processes/environments that impart
appreciable

amounts

of

internal

energy.

Certainly,

there

is

much

experimentation to be done to unravel the cumulative, underlying processes
occurring in the ADI-LS-APGD device.
A.3.3 ADI-LS-APGD-MS of Different Sample Types
Up to this point, each of the tests has been completed with caffeine
solutions dried onto glass slides. Certainly, this path was not pursued without
prior evidence that the “typical” ADI sample types could be effectively probed.
Following the optimization studies, the potential range of analyte/samples
amenable to general analysis by the ADI-LS-APGD capabilities was evaluated.
The test samples were chosen from those typically used as examples throughout
the ADI literature.

In each case the sample was placed 1-2 mm below the

plasma and analyzed for ~10 seconds. The mass spectra presented here
correspond to the integrated signals over that exposure time.
As the mass spectrometric response for caffeine was known, it is reasonable to
assess products wherein caffeine is a major constituent.

A liquid green tea

extract (35-45% ethanolic tincture) and a green tea leaf were analyzed as a
means of gaining some indication of the sampling efficiencies of liquid residues
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and solids. The extract was analyzed by spotting 10 µL onto a glass slide and
allowing it to dry. The green tea leaves were placed on top a small amount of
water to keep them in place during analysis. The resulting mass spectra appear
in Figs. A.6a and b, respectively. Both sample types generate strong mass
spectrometric responses, with the caffeine signatures (195 and 138 Da) clearly
seen in each spectrum. Additional peaks are related to other active components
found in herbal teas, e.g. catechins, which are enriched in the extract. In fact, the
marked peaks (*) correspond to common parent and fragment ions of green tea
catechins (e.g. EGC, EGCG) previously observed in this laboratory by glow
discharge ionization27 as well as ESI-MS works.28,

29

A third sample type

containing caffeine was a roasted coffee bean. In this case, the sample was held
directly under the plasma without any sample modification or pretreatment. The
mass spectrum (Fig. A.6c) again reflects the characteristic caffeine signals as
well as ions (m/z 300-400) reflective of the chlorogenic acids that are common to
coffee beans.30
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Figure A.6: ADI-LS-APGD mass spectra of green tea and coffee samples. a) 10 L of an
ethanolic green tea tincture, b) a green tea leaf, and c) a coffee bean. Electrolyte = 1 M HNO 3,
-1
-1
feed rate = 30 µl min , discharge current = 15 mA, He sheath gas flow rate = 1.14 mL min . * ions common to catechin compounds.

Presented in Fig. A.7 are the ADI-LS-APGD mass spectra of three
additional matrices that are commonly used to demonstrate the versatility of ADI
sources; tobacco leaf, paper currency, and a pharmaceutical formulation. The
outer wrapping of a cigar was removed to expose the tobacco leaves and placed
directly underneath the plasma. The resulting mass spectrum (Fig. A.7a) is
dominated by the [M+H]+ peak for nicotine at 163 Da, as well as the fragment
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ions at m/z = 132, 130, and 117 Da. These correspond well with the ESI-MS
spectra in the literature, as well DART-MS,31 reinforcing the

Figure A.7: ADI-LS-APGD mass spectra of a variety of solid materials. a) cigar tobacco, b) $20
-1
U.S. bill, and c) ibuprofen tablet. Electrolyte = 1 M HNO 3, feed rate = 30 µl min , discharge
-1
current = 15 mA, He sheath gas flow rate = 1.14 mL min .

existence of ‘soft’ ionization conditions for small organic molecules; even though
thermal vaporization is likely the mode of desorption. The higher m/z peaks
present in the spectrum could be related to chlorogenic acids and polyphenols
compounds found in tobacco leaves32 or common pesticides33.
The characterization of paper currency is one of the benchmark ADI-MS
examples in forensic analysis.34 For example, it is known that there is a certain
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level of trace cocaine on most U.S. currency. In the case of the ADI-LS-APGD
sampling, a $20 U.S. bill was folded into a 2.0” X 0.5” rectangle and placed to 2
mm away from the plasma; placement any closer results in the scorching of the
sample. Clearly seen in the obtained mass spectrum (Fig. A.7b) is the [M+H]+
peak at 304 Da attributable to cocaine, along with its characteristic fragment ions
at 182, 150, and 83 Da, which are commonly seen in the ESI-MS of that
molecule.35,

36

Less prominent peaks are likely due to the ink and other

contaminants on the dollar bill.34 In fact, the higher mass peaks are similar to ink
detection by easy ambient sonic spray ionization (EASI).

5

While the spectrum

resulting from the LS-APGD source is complex in terms of its composition, the
device yields relatively high signal intensities that provide the opportunity for
more extensive MS/MS characterization.
The final sample type evaluated by ADI-LS- APGD was a commercial
ibuprofen tablet. In this case, the protective outer coating was gently removed
using a razor blade and the tablet held with tweezers directly under the plasma
without any additional pretreatment steps. The resulting spectrum (Fig. A.7c)
contains the [M+H]+ peak at 207 Da of the active compound ((RS)-2-(4-(2methylpropyl)phenyl)propanoic acid), as well fragment ions that are commonly
reported in the literature.37, 38 Other peaks present in the spectrum are related to
the additional compounds and fillers present in the ibuprofen tablet.38
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A.4 Conclusions
The field of ambient desorption/ionization mass spectrometry has seen
incredible growth in less than a decade.

That said, there are few

designs/approaches that offer definitive advantages over others, and so there
may be real opportunities for devices that can deliver greater sensitivity and/or
analytical versatility.

Use of the liquid sampling-atmospheric pressure glow

discharge (LS-APGD) as an ADI-MS source would appear to have certain
advantages in the fact that much higher primary fluxes (driven by the discharge
current) are likely produced, with the kinetic temperatures in the proximity of the
plasma being much higher as well. An initial evaluation of the roles of current,
electrode geometry, and electrolytic liquid composition has yielded LODs that
compare very well with peer devices. First-order mechanistic studies involving
the use of NaCl as the supporting electrolyte, in lieu of acidic solutions, suggest
that it is plasma-generated Brønsted acids that ultimately affect analyte
ionization, with thermal energy provided by plasma gases being the mode of
analyte sampling. ADI-LS-APGD mass spectra acquired from a wide range of
representative sample matrices demonstrate basic analytical capabilities, with
spectra that are dominated by (M+H)+ species.
Clearly, much work remains before the ultimate efficacy of this approach
to ADI-MS can be put into perspective. Future studies will continue to optimize
the operational parameters (e.g., other sheath gases and electrolytes) and refine
the design aspects (e.g., more precise control of the geometry) of the LS-APGD
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device in order to affect not only greater mass sensitivity, but also better sampleto-sample precision.

As with the case of all ADI sources, questions about

quantitative powers exist. Inclusion of internal standards in the electrolyte flow is
projected to be a unique opportunity here, which is not available in many other
ADI designs. While the vast majority of these devices can tout aspects of low
power and solution/support gas consumption, the LS-APGD has the added,
powerful, advantage that it can be applied in the direct analysis of solution-phase
samples with LODs that are of relevance in many fields of study.
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